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In humans, chronic pain is associated with impaired working memory and sleep, 
however it is not known if this is the case in dogs. The aim of this thesis was to assess 
whether chronic pain from spontaneous osteoarthritis is associated with impaired 
working memory and sleep disturbance in dogs. 
Initially, two behavioural assays (the holeboard and novel object recognition tasks) 
previously used in other species were adapted for rapid, single session use in 
osteoarthritic and healthy control dogs. Surprisingly, osteoarthritic dogs spent 
proportionally more time interacting with a novel object than a familiar one compared 
to control dogs, indicating possible increased non-spatial working memory or increased 
neophilia. However, dogs did not appear to successfully learn the holeboard task. 
Therefore a study was performed in dogs with no known health problems using a 
holeboard task with more trials to assess spatial working and reference memory, and a 
disappearing object task to assess spatial working memory, both of which dogs learned 
successfully. The spatial working memory of osteoarthritic and control dogs was 
compared using the disappearing object task, and dogs’ sleep was monitored for one 
month using proxy measures obtained from actigraphy and owner questionnaires. 
Female (but not male) osteoarthritic dogs had a lower predicted probability of success in 
the disappearing object task compared to control dogs of the same sex. Osteoarthritic 
dogs spent less of the night resting than control dogs, though there were no significant 
differences between groups in scores on an owner questionnaire designed to measure 
sleep quality. These studies are the first to find evidence that a chronically painful 
condition impairs spatial working memory in dogs, and to find differences in night-time 
activity between osteoarthritic and healthy control dogs. However, further studies are 
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“Everyone thinks that their dog is the best dog in the world.  
And none of them are wrong.” 
– W. R. Pursche,  
Lessons To Live By: The Canine Commandments
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Chapter 1 Introduction and Literature Review  
1.1 Why is it important to assess the effect of spontaneous 
canine osteoarthritis on working memory and sleep? 
Chronic pain in humans can cause deficits in working memory (see Section 1.4) and 
sleep (see Section 1.6), but it is not yet known whether chronic pain in dogs causes 
similar deficits. Since osteoarthritis is a common cause of chronic pain in both humans 
and dogs (see Section 1.3), this thesis will investigate the effect of chronic pain from 
osteoarthritis on working memory and sleep in dogs. 
Working memory deficits are a clinically important factor in human chronic pain (though 
they have not been studied in osteoarthritis patients specifically) because they could 
cause impairments in academic and workplace performance and in everyday life 
(Klingberg, 2010) and thus may contribute to the loss or reduction of working hours 
seen in chronic pain patients (Raftery et al., 2012). Since training to improve working 
memory causes improved self-esteem in schizophrenia patients (Vogt et al., 2009) and 
improved functioning in daily life in stroke patients (Westerberg et al., 2007), it is 
possible that working memory deficits could cause reduced self-esteem and daily 
functioning in chronic pain patients also. Sleep problems in chronic pain patients 
(including those with osteoarthritis) are also clinically important because poor sleep is 
associated with subsequent increased pain (Affleck et al., 1999), and may be associated 
with reduced quality of life, as seen in insomnia patients without chronic pain (LeBlanc 
et al., 2007, Léger et al., 2012). 
If chronic pain from osteoarthritis in dogs also causes working memory deficits, these 
could potentially impair dogs’ quality of life, engagement with their owner and 
environment, and ability to respond to training or novel situations. Impaired sleep could 
also affect dogs’ quality of life and potentially worsen their pain, as observed in humans 
(Affleck et al., 1996, Morin et al., 1998). Recognition that working memory and sleep 
deficits may be a symptom of osteoarthritis in dogs could also assist with the diagnosis 
of osteoarthritis in dogs presenting with such clinical signs, and may prevent these 
clinical signs from being erroneously attributed to other disorders, such as age-related 
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cognitive decline or systemic diseases. Understanding more about the effects of 
osteoarthritis on sleep and working memory could also elucidate the pathophysiological 
changes that occur in chronic pain in dogs, which may ultimately help to direct the 
development of novel treatments for chronic pain in dogs. Additionally, if dogs with 
chronic pain from osteoarthritis show similar deficits in sleep and working memory to 
human chronic pain patients, it would be possible to use them as a model for human 
chronic pain and osteoarthritis. This has many advantages compared to experimentally 
induced models of osteoarthritis as it is likely to be more translationally valid and is 
compliant with the “3Rs” framework for more ethical animal use, as described in Section 
1.3.5.2. Therefore this research may help to elucidate the mechanisms involved in 
osteoarthritis in humans as well as in dogs. 
This literature review will cover a range of relevant topics: Section 1.2 gives an overview 
of chronic pain, describing the pathophysiological changes that occur and providing 
evidence that chronic pain is likely to occur in non-human species. This is necessary to 
appreciate that chronic pain is fundamentally subjective in nature yet caused by physical 
mechanistic processes, to understand the phenomena described in papers cited 
throughout the thesis, and to show that animals such as dogs are likely to be capable of 
experiencing pain as a subjectively negative phenomenon that may adversely affect 
their welfare. Section 1.3 describes osteoarthritis as a cause of chronic pain as well as its 
diagnosis, treatment and epidemiology in both humans and dogs, and details existing 
animal models of human osteoarthritis, in order to show that spontaneous human and 
canine osteoarthritis share many similarities, that osteoarthritis is likely to be an 
important cause of chronic pain in dogs as well as in humans, and that canine 
spontaneous osteoarthritis may be a promising model for human osteoarthritis. Section 
1.4 details the effects of chronic pain on attention and working memory in humans and 
rodents, which suggests that similar deficits may also be possible in dogs with chronic 
pain. Section 1.5 describes existing methods for assessing working memory in non-
human animals, with the aim of devising similar tasks for use in dogs. Section 1.6 
explores the association between chronic pain and sleep disturbance in humans, 
including those with osteoarthritis, and describes commonly-used methods of assessing 
sleep, in preparation for a study examining the effect of canine osteoarthritis on sleep 
(described in Chapter 5). Section 1.7 gives the overall aim, hypotheses and scope of the 
thesis project, and details the contents of subsequent chapters. 
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1.2 Chronic pain – definitions, mechanisms and prevalence: 
1.2.1 What is chronic pain? 
The International Association for the Study of Pain (IASP) defines pain as “An unpleasant 
sensory and emotional experience associated with actual or potential tissue damage, or 
described in terms of such damage” (Merskey and Bogduk, 1994). Because pain 
therefore has both sensory and emotional components, it is distinct from nociception, 
which has been defined as “the neural processes of encoding and processing noxious 
stimuli” (Barrot, 2012). 
Chronic pain is sometimes defined as “pain that persists past the healing phase following 
an injury” (Apkarian et al., 2009), however this definition is somewhat problematic given 
that different injuries take different and not necessarily predictable lengths of time to 
heal (Verhaak et al., 1998), and that often it is difficult to ascertain whether healing is 
complete (Apkarian et al., 2009). Additionally in some chronic pain disorders, such as 
osteoarthritis and rheumatoid arthritis (Smolen et al., 2007, Sofat et al., 2011), the 
underlying pathology is not curable and tissue damage is ongoing (Woolf and Doubell, 
1994), with pain occurring alongside continuous tissue damage rather than following 
apparent recovery from a disease process (Keefe et al., 1989, Sofat et al., 2011). 
Furthermore, some chronic pain disorders, such as fibromyalgia, can occur without any 
obvious peripheral injury (Staud et al., 2001), therefore this definition is not always 
suitable. For these reasons, it is common in clinical studies to define chronic pain as pain 
that persists beyond a defined period of time, though this is inconsistent with various 
studies defining it as pain persisting beyond one month (Magni et al., 1990, Magni et al., 
1992), three months (Frølund and Frølund, 1986, Andersson, 1994), or six months (Von 
Korff et al., 1988, Brattberg et al., 1989). Additionally, these definitions do not relate to 
the pathophysiological changes that occur in chronic pain (Apkarian et al., 2009). 
Because there is no definitive diagnostic test for chronic pain (Verhaak et al., 1998), its 
prevalence is difficult to ascertain, though it is thought to be a widespread clinical 
problem, with prevalence estimates varying from 2%-40% in humans (with a median 
prevalence of 15%) in one systematic review (Verhaak et al., 1998), and similar 
prevalences (17.1% of men and 20.0% of women, though prevalence increased with age) 
being found in a large-scale Australian study (Blyth et al., 2001). Chronic pain is also an 
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important public health issue, estimated to cost €5,665 per patient (€5.34 billion overall) 
annually in Ireland, accounting for 2.86% of Ireland’s GDP (Raftery et al., 2012) and 
costing around $40 billion and 93 million lost working days annually in the USA in 1983 
(Aronoff et al., 1983). 
1.2.2 Pathophysiological changes in chronic pain: 
Chronic pain, like acute pain, involves peripheral changes such as hyperalgesia 
(increased pain sensitivity) (Loeser and Treede, 2008) and allodynia (the perception of 
pain as a result of usually innocuous stimuli) (Woolf and Doubell, 1994). However acute 
pain, which occurs shortly after tissue damage, has a protective function in that it 
induces hypersensitivity to a range of stimuli, discouraging the affected human or animal 
from using or contacting the environment with the affected area and thus preventing 
further damage and facilitating tissue repair (Woolf and Doubell, 1994). Because chronic 
pain occurs for prolonged periods of time and is sometimes distinct from the initial 
physical cause of the pain (Verhaak et al., 1998), instead of providing a useful 
physiological functional it is maladaptive, interfering with daily life and causing physical 
disability (Blyth et al., 2001, Peters et al., 2005) and inability to work (Raftery et al., 
2012), as well as being associated with increased prevalence of mood disorders (Von 
Korff et al., 1988, Fishbain et al., 1997, Elliott et al., 2003, Kroenke et al., 2013), impaired 
cognition (Dick and Rashiq, 2007, Berryman et al., 2013) and poor sleep (Menefee et al., 
2000, Smith and Haythornthwaite, 2004).  
Chronic pain can be categorised into neuropathic pain from nerve injury and 
inflammatory pain from prolonged inflammation (Woolf and Doubell, 1994), though 
some chronic pain syndromes involve both (Apkarian et al., 2009). A key aspect of 
chronic pain is central sensitisation; an increase in central nervous system (CNS) 
responsiveness to various stimuli (Nijs et al., 2012, Cagnie et al., 2014), causing pain 
perception to become influenced by CNS changes and thus decoupled from physical 
nociceptive stimuli (Woolf, 2011). Many chronic pain disorders show evidence of central 
sensitisation including osteoarthritis (Gwilym et al., 2009), rheumatoid arthritis (Meeus 
et al., 2012), fibromyalgia (Cagnie et al., 2014) and chronic lower back pain (Smart et al., 
2012). Central sensitisation involves increased spinal cord excitability (caused by 
increased activity in nociceptive neurones following peripheral injury) (Woolf, 2011), 
changes to microglia (Chacur et al., 2009), astrocytes (Gao et al., 2009), gap junction 
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signalling (Chiang et al., 2010) and cell membrane excitability (Rivera-Arconada and 
Lopez-Garcia, 2010). Processing in the brain is also altered in regions associated with the 
sensory component of pain, (e.g. thalamus and secondary somatosensory cortex) (Staud 
et al., 2007, Seifert and Maihöfner, 2009), as well as in areas that are involved in 
cognition (e.g. anterior cingulate and prefrontal cortex) (Apkarian et al., 2004b, Staud et 
al., 2007, Seifert and Maihöfner, 2009) and those involved in emotional processing (e.g. 
insula, anterior cingulate and medial prefrontal cortex) (Baliki et al., 2006, Staud et al., 
2007, Seifert and Maihöfner, 2009). 
Central sensitisation results in measurable changes such as allodynia (Woolf, 1984, Price 
et al., 1992), hyperalgesia (Woolf, 1983, Woolf, 1984), secondary hyperalgesia 
(hyperalgesia in regions adjacent to the injured area) (Cook et al., 1987), temporal 
summation (“windup”), where repeated application of noxious stimuli causes increased 
magnitude and duration of nociceptive responses (Staud et al., 2007). It also involves 
reduced inhibition of pain by descending pathways (Nijs et al., 2012), such as DNIC 
(diffuse noxious inhibitory controls; a process by which peripheral nociceptive stimuli 
applied to a location on the body of a healthy animal inhibit the nociceptive response to 
noxious stimuli applied elsewhere on the body (Ossipov et al., 2010)). Impaired DNIC has 
been identified in irritable bowel syndrome (a painful gastrointestinal disorder (Nobaek 
et al., 2000, Akbar et al., 2008)) (King et al., 2009), temporomandibular disorder (King et 
al., 2009), tension-type headache (Pielsticker et al., 2005), fibromyalgia (Julien et al., 
2005) and osteoarthritis (Arendt-Nielsen et al., 2010), but DNIC may remain intact in 
rheumatoid arthritis (Leffler et al., 2002) and chronic lower back pain (Julien et al., 
2005). 
1.2.3 Evidence for chronic pain in non-human animals: 
Because pain is fundamentally a subjective state characterised by a negative emotional 
experience (Merskey and Bogduk, 1994) and non-human animals are unable to report 
their subjective experiences, it is much more difficult to assess pain in animals than 
humans. However, animals’ lack of ability to verbally express negative emotional states 
such as pain does not imply that they are incapable of experiencing such states, just that 
techniques other than self-reporting are required to measure them. Whilst the ability to 
experience pain is disputed in some non-human animals, such as fish (Sneddon, 2009, 
Rose et al., 2014) and invertebrates (Elwood, 2011), there is a wide range of evidence 
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suggesting that mammalian species are capable of experiencing pain: They exhibit many 
of the same physiological changes seen in human pain when exposed to stimuli or 
situations that would be expected to be painful, such as pupil dilation (Holton et al., 
1998, Chapman et al., 1999), increased heart rate (White et al., 1995, Loggia et al., 2011) 
and increased plasma cortisol concentrations (Talbert et al., 1976, Schwartzkopf-
Genswein et al., 1997), as well as functional impairments consistent with pain, such as 
lameness (Mlacnik et al., 2006, Marshall et al., 2010). Experimentally-induced rodent 
models of human pain conditions also show behavioural changes such as increased 
grooming of the affected area, spontaneous lifting and shaking of affected paws, 
ultrasonic vocalisation, and reduced feeding and locomotion behaviours (Mogil and 
Crager, 2004), which may indicate pain.  
There is also evidence that chronic pain exists in animals in a similar way to that 
observed in humans, such that animal models are often used to investigate human 
chronic pain conditions (Mogil, 2009) where doing so in humans would be impractical or 
unethical. For example, animals display hyperalgesia and allodynia in response to 
mechanical (Chaplan et al., 1994, Christensen et al., 1996) and thermal (Christensen et 
al., 1996) stimuli following pain model induction, and may show secondary hyperalgesia 
(Coderre and Melzack, 1991), temporal summation (Chen et al., 2001), impaired DNIC 
(Danziger et al., 1999), changes in spinal cord activity (Woolf, 1983), and structural 
changes in areas of the brain in regions associated with sensory and emotional 
processing, including the anterior cingulate cortex (Seminowicz et al., 2009) and medial 
prefrontal cortex (Metz et al., 2009). 
However, these changes do not show that animals consider pain to be unpleasant. There 
is evidence that animals attempt to avoid painful stimuli, showing a preference for less-
painful alternatives: Rats induced with an ostensibly painful osteoarthritis model 
(intraarticular mycobacterial injection) self-administered significantly higher amounts of 
oral fentanyl (an opioid analgesic) than non-arthritic control rats (Colpaert et al., 2001). 
Administration of corticosteroids or systemic fentanyl to osteoarthritic rats reduced this 
preference, and administration of naloxone (an opioid antagonist) reduced self-
administration of fentanyl in osteoarthritic but not control rats, indicating that the 
preference for opioid analgesia in osteoarthritic rats was due to pain-relieving effects 
rather than other effects, such as reward or dependency (Colpaert et al., 2001). 
Similarly, rats with nerve injury, but not rats without nerve injury, learned to self-
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administer intrathecal clonidine (which is often prescribed for the relief of neuropathic 
pain in humans (Woolf and Mannion, 1999)), implying they were motivated to reduce 
their pain (Martin et al., 2006). Danbury et al. (2000) trained lame and sound (not lame) 
broiler hens to discriminate between food containing a nonsteroidal analgesic and food 
without, and found that when given the choice between two feeds, lame broilers chose 
to eat significantly more of the analgesic-containing feed than sound birds (which 
showed a preference for analgesic-free feed), and that the consumption of analgesic-
containing food increased with increasing lameness severity (Danbury et al., 2000). 
Sufka (1994) found that rats showed an increased conditioned place preference for an 
environment in which they had previously been administered morphine compared to 
environments in which they had been administered vehicle or received no stimulus, 
whether or not they had inflammation of the hindpaw (probably because of morphine’s 
euphoric effect), but that rats with inflammation of the hindpaw showed a stronger 
preference than rats without hindpaw inflammation (Sufka, 1994), suggesting that they 
had a preference for the pain-relieving effect of morphine in addition to the baseline 
preference for its euphoric effect seen in rats without hindpaw inflammation.  
Whilst these studies suggest that animals will attempt to avoid pain by choosing to treat 
it with analgesic drugs, they still do not confirm whether the pain causes a negative 
emotional change in the animals, as it does in humans. It has been shown that animals 
in ostensibly more negative emotional states display negative judgement bias (tendency 
to perceive ambiguous cues as more negative), which can be used as an indirect 
indicator of emotional state (Mendl et al., 2009). Animals can be trained to associate a 
particular “positive” cue with a reward stimulus and a “negative” cue with an aversive 
stimulus, and to perform behaviours specific to the cue they had experienced in order to 
gain the anticipated reward or avoid the anticipated punishment, before exposure to 
ambiguous stimuli. When presented with an ambiguous stimulus, animals in a more 
negative affective state will be more likely to interpret the stimulus as negative and 
perform the behaviours they had been trained to perform in order to avoid the 
punishment associated with the negative cue, whereas animals in a more positive 
affective state will be more likely to interpret an ambiguous stimulus as positive and 
perform the behaviours they had been trained to perform in order to gain the reward 
associated with the positive cue (Mendl et al., 2009). 
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There is some evidence that animals exposed to ostensibly painful stimuli display 
negative judgement bias: Neave et al. (2013) trained calves to touch a screen when it 
was illuminated in one colour (e.g. red) in order to receive milk, and to avoid touching 
the screen when illuminated in another colour (e.g. white) to avoid receiving a time-out 
period in which no milk was available, before being allowed to start the next trial by 
touching a start-box positioned on an adjacent wall. When shown an ambiguously-
coloured screen (e.g. pink) several hours after removal of the horn buds via 
thermocautery disbudding, which is considered to be painful (Heinrich et al., 2010), 
calves were significantly more likely to refrain from touching the screen compared to 
prior to surgery, though their responses to the ‘positive’ and ‘negative’ cues were not 
altered (Neave et al., 2013). The authors concluded that this was “indicative of a 
negative emotional state in calves following hot-iron disbudding” (Neave et al., 2013), 
and similar negative judgement biases have been observed in ostensibly negatively-
valenced affective (emotional) states in other species, such as in dogs that tend to 
perform more separation-related behaviours (and are thus assumed to have greater 
generalised anxiety than dogs that do not) (Mendl et al., 2010a), and in rat models of 
anxiety and depression (Enkel et al., 2010).  
Judgement bias is indicative of a negatively-valenced affective state (Mendl et al., 2009, 
Neave et al., 2013) which is generally thought to indicate a negative emotional state 
(Mendl et al., 2009), however this requires that non-human animals are able to perceive 
emotional valence (positivity/negativity) (Mendl et al., 2010b), which would require the 
capacity for conscious experience. It is currently not possible (and may never be 
possible) to definitively conclude that non-human animals have this capacity (Mendl et 
al., 2010b) given their inability to report on their emotional state using language. 
However, it is highly probable that humans’ capacity for conscious experience is 
encoded neurologically (Searle, 2000, Cooney and Gazzaniga, 2003, Tononi and Koch, 
2008), and certain features of this conscious experience in humans, such as high-
frequency EEG activity and thalamocortical activation, also occur in other mammals 
(Seth et al., 2005). Furthermore, no neural correlates of consciousness have been 
discovered that are specific to human brains (Griffin and Speck, 2004). Some non-human 
species also show high levels of behavioural versatility when encountering novel 
scenarios, such as future planning and episodic-like memory in scrub jays (Clayton and 
Dickinson, 1998), creation and use of novel tools in crows (Weir et al., 2002), and the 
ability to choose to avoid starting a reinforced recall task (giving a lesser reward 
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compared to no reward if the task was started and an incorrect response selected) after 
long but not short retention intervals in macaques (Hampton, 2001), suggesting that 
macaques are aware of whether or not they are able to recall particular information and 
can use this awareness to make decisions. This behavioural versatility is often regarded 
as most efficiently explained by consciousness (Griffin and Speck, 2004). Additionally, 
consciousness is often attributed to humans but not to other species on the basis that 
humans can communicate such experiences using language and other species cannot 
(Griffin and Speck, 2004). However some animals are able to communicate in ways 
somewhat reminiscent of language, for example some chimpanzees can use sign 
language-derived gestures to communicate with other chimpanzees in the absence of 
humans (Fouts and Jensvold, 2002, cited in Griffin and Speck, 2004), and some grey 
parrots appear to be able to use imitated human language to express thoughts and 
answer questions (Pepperberg and Lynn, 2000). Non-human species may also emit 
specific vocalisations in situations that would be expected to be associated with high-
arousal, negatively-valenced emotional states, such as piglets in response to pain from 
castration (Weary et al., 2006) and chicks in response to social isolation (Marx et al., 
2001). Human infants similarly lack the ability to express subjective experience using 
language, however it is generally accepted by paediatric specialists that human infants 
can feel pain (Purcell-Jones et al., 1988) and that increased vocalisation is an important 
clinical sign of this (Levine and Gordon, 1982), therefore it is possible that animals are 
similarly able to use vocalisations to communicate their subjective state to conspecifics 
(and potentially to humans) in a similar way. Even though it is not possible to be certain 
that animals are capable of subjective experience, this evidence collectively suggests 
that subjective experience is likely in at least some non-human species, and combined 
with the evidence described in this section of the similarities between humans and other 
mammals in pain processing systems and pain-related behaviours and physiological 
changes, the tendency of animals to avoid ostensibly painful stimuli, and that an 
ostensibly painful stimulus induces a negative judgement bias in calves, it appears more 
likely than not that mammalian species such as dogs experience pain as an unpleasant 
subjective experience in a similar way to that observed in humans. 
1.3 Osteoarthritis: 
This section aims to show that osteoarthritis is a common and important cause of 
chronic pain in both dogs and humans, and that both species share similarities in the 
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pathogenesis, epidemiology, diagnosis and treatment of osteoarthritis, such that 
spontaneous canine osteoarthritis could be considered a useful clinical model of human 
osteoarthritis and more generally of chronic pain in humans. Therefore it would be 
interesting to assess whether canine osteoarthritis is also similar to human osteoarthritis 
in that it is associated with disturbed sleep (see Section 1.6), and whether canine 
osteoarthritis is associated with impaired working memory, as is the case in many other 
human chronic pain disorders but has not yet been specifically investigated in 
osteoarthritis in humans (see Section 1.4). 
1.3.1 Osteoarthritis and chronic pain: 
1.3.1.1 Osteoarthritis causes chronic pain in humans: 
Osteoarthritis is a degenerative condition characterised by progressive focal cartilage 
loss with initial, transient mild synovial inflammation, followed by osteophyte formation, 
bone remodelling and thickening of the joint capsule (Dieppe and Lohmander, 2005). It 
is thought to be a common final pathway of several diseases rather than a single disease 
in its own right (Felson et al., 2000). Osteoarthritis is the most common cause of 
musculoskeletal disability (Linaker et al., 1999) and the second most common cause of 
chronic pain (Johannes et al., 2010) in human patients, causing clinical signs in 10% of 
men and 18% of women over 60 years (Peat et al., 2001), and disability in 10% of people 
over 55 years (Peat et al., 2001). Chronic pain is an important symptom of osteoarthritis 
(Arendt-Nielsen et al., 2010) and pain is the most common reason for patients to seek 
clinical treatment (Sofat et al., 2011). Patients report two kinds of pain; a “dull, aching 
pain” which becomes more constant as osteoarthritis progresses, and shorter periods of 
intense and unpredictable pain which become increasingly frequent and may prevent 
social and recreational activities (Hawker et al., 2008). 
Patients with painful knee osteoarthritis also show signs of central sensitisation, 
showing significantly lower pressure pain thresholds than pain-free age-matched 
controls even at sites distant from the affected joint, suggesting hyperalgesia, with 
pressure pain thresholds being significantly negatively associated with increasing self-
reported pain severity Arendt-Nielsen et al. (2010). Patients also displayed significant 
temporal summation of pain and impaired DNIC compared to controls (Arendt-Nielsen 
et al., 2010), indicating central sensitisation (see Section 1.2.2). 
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1.3.1.2 The pathogenesis of osteoarthritic pain: 
 The pathogenesis of pain in osteoarthritis is not fully understood, however it is believed 
to arise from a range of sources including peripheral factors such as local inflammation 
(Conaghan and Felson, 1999, Brooks, 2003, Abramson, 2004, Sofat et al., 2011) causing 
the release of local inflammatory mediators (Martel-Pelletier et al., 1999, Kojima et al., 
2004) which are thought to activate and sensitise peripheral nociceptors (Wajed et al., 
2012), changes in chondrocyte NMDA receptor expression (Ramage et al., 2008), and 
angiogenesis (blood vessel growth) within normally avascular cartilage tissue (Walsh et 
al., 2010), causing increased expression of nerve growth factor (Walsh et al., 2010) 
which is involved in peripheral nociceptive neurone sensitisation (Ma and Woolf, 1997). 
Changes in the brain also occur: Whilst experimentally-induced acute pain and 
osteoarthritic pain both activate regions associated with physiological pain processing in 
brains of osteoarthritic patients, osteoarthritic pain also increases activation in regions 
associated with fear and emotion, especially the anterior cingulate cortex (Kulkarni et 
al., 2007), implying that the differences in brain region involvement between 
osteoarthritic and acute pain may be associated with changes in emotional state. There 
is also evidence of neuropathic pain in osteoarthritis: Osteoarthritic patients not only 
showed lower pain thresholds in response to punctate stimuli in referred pain areas 
than control participants, but also showed significantly greater brainstem activation, the 
extent of which was positively correlated with their score on a neuropathic pain-specific 
questionnaire (Gwilym et al., 2009), suggesting that these brainstem changes were due 
to neuropathic pain. In an osteoarthritic rat model, nonsteroidal analgesics (which 
reduce inflammation) only provided effective analgesia for up to a fortnight, whereas 
centrally-acting analgesics amitriptyline and gabapentin remained active following this 
point (Ivanavicius et al., 2007), implying that joint inflammation contributes to initial 
osteoarthritic pain but lessens over time as pain becomes neuropathic and sustained by 
central mechanisms. 
1.3.1.3 Painful osteoarthritis in dogs: 
Despite the difficulties inherent in assessing pain in animals, there is some evidence that 
osteoarthritis also causes pain in dogs: Owners of osteoarthritic dogs report changes in 
their behaviour such as decreased activity, appetite, sociability and playfulness and 
increased aggression, anxiety, vocalisation frequency, daytime sleep and fearfulness 
(Wiseman et al., 2001). Whilst it cannot be proven that these changes occur as a result 
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of pain, similar changes in behaviour are often taken as indicating pain in non-verbal 
human infants (McGrath and Unruh, 1994, cited in Wiseman et al., 2001), so it is likely 
that they represent pain in dogs also. Behavioural measures have also been used to 
develop owner questionnaires to assess pain in dogs with osteoarthritis (Hielm-
Björkman et al., 2003, Brown et al., 2007, Brown, 2014b, Brown, 2014a), which were 
able to detect differences between healthy control dogs and those with osteoarthritis 
(Brown et al., 2007) or congenital hip dysplasia (a common precursor of osteoarthritis in 
dogs) (Hielm-Björkman et al., 2003), and showed significant reductions in pain scores 
following nonsteroidal analgesia (Brown et al., 2008, Hielm-Björkman et al., 2009, 
Brown, 2014c) in randomised placebo-controlled double-blinded trials. The 
responsiveness of these questionnaire scores to analgesic treatment suggests that the 
difference in scores between osteoarthritic and healthy control dogs was due to (or 
influenced by) pain. Whilst these owner questionnaire scores are a useful measure of 
behavioural aspects of pain, they have the disadvantage of relying on owners’ subjective 
judgement and ability to monitor dogs’ behaviour. However, more objective measures 
also suggest that osteoarthritis is painful in dogs: Dogs with osteoarthritis showed 
significantly different vertical ground reaction forces (weight bearing) in affected 
compared to unaffected limbs (Conzemius et al., 2003), and compared to the joints of 
healthy control dogs (Moreau et al., 2003), and these differences were reduced by total 
joint arthroplasty (Conzemius et al., 2003) or nonsteroidal analgesia (Moreau et al., 
2003), suggesting they were pain-related.  
Additionally, canine osteoarthritis appears to cause central sensitisation and 
hyperalgesia, with osteoarthritic dogs displaying significantly decreased mechanical and 
thermal nociceptive thresholds across several sites than healthy control dogs 
(Knazovicky et al., 2016). Hunt et al. (2018) also found signs of central sensitisation in 
dogs with osteoarthritis, including decreased nociceptive withdrawal thresholds and 
augmented stimulus-response curves suggesting hyperalgesia, increased temporal 
summation, and impaired DNIC compared to healthy control dogs (Hunt et al., 2018). 
This suggests that dogs with osteoarthritis exhibit many of the same electrophysiological 
changes associated with chronic pain as those seen in osteoarthritic human patients 
(Arendt-Nielsen et al., 2010). 
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1.3.2 Diagnosis and treatment of osteoarthritis: 
Osteoarthritis is generally diagnosed based on radiographic changes in both humans 
(Zhang and Jordan, 2010) and dogs (Gordon et al., 2003, Innes et al., 2004). In humans, 
radiographic scoring of osteoarthritis severity is most commonly performed using the 
Kellgren-Lawrence grading scheme (Zhang and Jordan, 2010), which assigns the joint a 
grade from 0-4 with joints that have a score of two or more (defined by the presence of 
osteophytes) being diagnosed as osteoarthritic, and increasing grades being assigned 
based on the appearance of other radiographic signs including joint space narrowing, 
sclerosis, cysts and deformation (Kellgren and Lawrence, 1963, cited in Zhang and 
Jordan, 2010). However, radiographic changes are not always closely associated with the 
presence or severity of pain in human osteoarthritis patients: In a systematic literature 
search, Bedson and Croft (2008) found that only 15-76% of study participants reporting 
knee pain showed radiographic signs of osteoarthritis, and only 15-81% of participants 
with radiographic knee osteoarthritis reported knee pain, with large variations in 
agreement between studies due to differences in radiographic views, grading systems, 
pain definitions, and participant demographics (Bedson and Croft, 2008). Even studies 
using the most sensitive radiographic views could only successfully detect osteoarthritis 
in 79-80% of symptomatic patients (Lanyon et al., 1998, Williams et al., 2004), implying 
that radiographic changes do not fully correlate with the severity of pain experienced by 
osteoarthritic patients. Similarly, in osteoarthritic dogs there was no significant 
relationship between force platform lameness recordings and radiographic severity 
(Gordon et al., 2003), nor between any of 13 radiological variables and either owner-
assessed chronic pain questionnaire scores or veterinarian-assessed lameness scores 
(Hielm-Björkman et al., 2003). Modern imaging techniques such as MRI may be able to 
detect lesions that are undetectable via radiography such as bone marrow lesions, which 
were found in 78% of patients with painful radiographic osteoarthritis but only 30% of 
patients with non-painful radiographic osteoarthritis (Felson et al., 2001), and were 
more frequently >1cm2 in size in painful than non-painful osteoarthritic patients (Sowers 
et al., 2003). Whilst bone marrow lesions are also seen in experimentally-induced canine 
osteoarthritis (Nolte-Ernsting et al., 1996, Martig et al., 2007), further research is 
required to determine whether they occur in spontaneous canine osteoarthritis and if 
so, whether they are associated with pain. 
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There are currently no curative treatments for osteoarthritis, and no drugs that slow or 
modify its progression (Sofat and Kuttapitiya, 2014). In humans, treatment largely 
focuses on pain management with analgesic drugs, which include nonsteroidal 
analgesics, paracetamol and tramadol (Jordan et al., 2003, Brandt, 2004). However, 
patients prescribed nonsteroidal analgesics show low levels of compliance (Scholes et al, 
1995, cited in Brandt, 2004), and many osteoarthritic people continue to experience 
pain even with analgesic treatment (Hawker et al., 2008, Sofat and Kuttapitiya, 2014). 
Nutraceuticals such as chondroitin and glucosamine are available over-the-counter 
(Brandt, 2004) and appear to be effective in most small-scale studies (Jordan et al., 
2003), however their efficacy in larger, higher quality trials is questionable (Brandt, 
2004). Non-pharmacological treatments such as patient education into the nature, 
management and coping strategies for osteoarthritis (Superio-Cabuslay et al., 1996, 
Jordan et al., 2003) and exercise regimes (Jordan et al., 2003, Brandt, 2004) also appear 
to be effective for pain reduction. Surgical total joint arthroplasty can be performed in 
patients with severe uncontrolled pain or disability (Hawker et al., 1998, Hawker, 2006), 
which provides significant reductions in pain and disability and increases in patient 
satisfaction for several years in most patients (Hawker et al., 1998), although up to 34% 
report dissatisfaction with their surgical outcomes (Hawker, 2006, Beswick et al., 2012). 
Intra-articular injections of corticosteroid (Dieppe et al., 1980, Gaffney et al., 1995, Jones 
and Doherty, 1996, Ravaud et al., 1999) or hyaluronic acid (Wobig et al., 1999, Jordan et 
al., 2003) also appear to provide effective pain reduction when compared to placebo 
(Jordan et al., 2003), however the effect of corticosteroid administration appears to be 
short-lived (Dieppe et al., 1980, Ravaud et al., 1999). Treatment of osteoarthritis in dogs 
similarly involves the use of nonsteroidal analgesics (Brown et al., 2008, Hielm-Björkman 
et al., 2009) and total joint arthroplasties (Conzemius et al., 2003, Lascelles et al., 2010). 
Surgical treatment of developmental abnormalities that lead to secondary osteoarthritis 
(see Section 1.3.4) may also be performed (Remedios and Fries, 1995, Evers et al., 1997, 
Rayward et al., 2004), though these are unlikely to prevent osteoarthritis (Hayashi et al., 
2003, Michelsen, 2013). 
1.3.3 The epidemiology of osteoarthritis: 
Little information is available regarding the prevalence or epidemiology of osteoarthritis 
in dogs (Henrotin et al., 2005). It is estimated that up to 20% of dogs above one year of 
age are affected (Johnston, 1997), however since the original data relating to this claim 
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are unavailable (Pfizer Animal Health proprietary research, 1996, Study no. RI19960IV) 
the methods used to obtain this often-quoted statistic cannot be investigated. In a 
recent single-year cohort study of 455,557 dogs, Anderson et al. (2018) found that the 
estimated prevalence of clinically diagnosed or managed appendicular (limb) 
osteoarthritis in the UK dog population in 2013 was 2.5% (around 200,000 individual 
dogs), with affected dogs having osteoarthritis for around 11% of their lifespan. 
However because conservative criteria were used to identify probable osteoarthritis 
cases, it is possible that this is an underestimate (Anderson et al., 2018). Although there 
is limited information available regarding the epidemiology of osteoarthritis in dogs, it 
may be possible to identify possible risk factors based on what is known about the 
epidemiology of human osteoarthritis. 
In humans, one of the most important risk factors for osteoarthritis is age (Van Saase et 
al., 1989, Oliveria et al., 1995). Since osteoarthritis is a degenerative condition (Felson et 
al., 2000) it is probable that this is the case in dogs also, as supported by the finding that 
odds ratios for having osteoarthritis have also been shown to significantly increase with 
increasing age in dogs (Anderson et al., 2018). 
Sex is also a risk factor in humans: Whilst men under the age of 50 are more likely to 
develop osteoarthritis than women, this trend is reversed in older people (Oliveria et al., 
1995, Felson and Zhang, 1998). Women have a greater incidence and prevalence of 
osteoarthritis in several sites (Srikanth et al., 2005), and tend to have more severe 
osteoarthritis of the knee (Srikanth et al., 2005). In dogs however, males displayed a 
significantly higher odds ratio (1.19) for having osteoarthritis compared to females 
(Anderson et al., 2018), though it is not yet known whether this effect of sex interacts 
with age as it does in humans (Oliveria et al., 1995), or whether it interacts with 
neutering status given that many dogs are neutered.  
Osteoarthritis in human women often occurs at around the time of the menopause 
(Silman and Newman, 1996, Wluka et al., 2000) and oestrogen-only (though not when 
combined with progesterone) hormone-replacement therapy significantly decreased the 
risk of requiring joint replacement surgery (Cirillo et al., 2006). This suggests that 
hormonal changes may play a role in osteoarthritis development, therefore it is possible 
that neutering may similarly affect the development of osteoarthritis in dogs. The odds 
ratio for having osteoarthritis was significantly higher in neutered dogs (1.80) than 
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entire dogs (Anderson et al., 2018), although this study did not examine whether the 
effect of neutering differed between male and female dogs.  
Race is also a risk factor in humans, with Chinese, African American and white American 
people showing differences in the prevalence of osteoarthritis at various sites (Zhang et 
al., 2001, Nevitt et al., 2002, Nelson et al., 2010, Zhang et al., 2001, cited in Zhang and 
Jordan, 2010). Since human races show much less variation in body and limb shape than 
dog breeds, it is likely that any breed effect on the incidence and severity of 
osteoarthritis will be more pronounced than the racial effect seen in humans. This is 
supported by the findings of Anderson et al. (2018) that purebred dogs had a 
significantly higher odds ratio of having osteoarthritis compared to crossbred dogs, with 
certain breeds such as the Old English Sheepdog, Rottweiler and Dogue de Bordeaux 
showing greatly elevated (2.81-3.11) odds ratios for osteoarthritis, and smaller breeds, 
such as the Shih Tzu, Yorkshire terrier and Jack Russell terrier, displaying reduced odds 
ratios (0.40-0.47) of osteoarthritis compared to crossbred dogs. Several specific genes 
have been associated with increased osteoarthritis risk in humans (Stefánsson et al., 
2003, Forster et al., 2004, Loughlin et al., 2004, Meulenbelt et al., 2004, Smith et al., 
2004, Valdes et al., 2004, Kizawa et al., 2005), so these may also play a role in dogs. 
Bodyweight is also a risk factor in humans, with obesity/high body mass index increasing 
the risk of bilateral hip osteoarthritis (Heliövaara et al., 1993) and hip replacement 
surgery (Karlson et al., 2003), and weight loss reducing the risk of symptomatic (Felson 
et al., 1992, cited in Zhang and Jordan, 2010) and radiographic (Felson et al., 1992, cited 
in Zhang and Jordan, 2010) osteoarthritis and the severity (Messier et al., 2004, 
Christensen et al., 2007) of osteoarthritis symptoms. Since overweight or obese dogs 
with osteoarthritis showed reduced lameness severity following dietary restriction 
(Mlacnik et al., 2006, Marshall et al., 2010), and being of average or higher bodyweight 
was associated with a more than doubled odds ratio for having osteoarthritis in dogs 
(Anderson et al., 2018), it is likely that bodyweight also affects osteoarthritis incidence 
and severity in dogs. This is particularly relevant given that more than half of pet dogs in 
the UK are overweight or obese (Courcier et al., 2010). 
Other risk factors in humans include occupational hazards such as standing and lifting 
(Croft et al., 1992, Coggon et al., 2000), fine motor skills (Lawrence, 1961, Hadler et al., 
1978) and intense (but not moderate (Lane et al., 1993)) athletic activities (Kujala et al., 
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1995, Spector et al., 1996, McAlindon et al., 1999), which may have implications for 
working dogs or those competing in events such as agility or flyball. Injuries such as 
cranial cruciate ligament ruptures (Lohmander et al., 2004) and meniscal tears (Roos et 
al., 2001, Englund et al., 2008) are also associated with increased osteoarthritis risk. 
Whilst acquired disorders such as fractures, joint luxations and traumatic ligamentous 
damage can similarly lead to osteoarthritis in the dog (Martinez and Coronado, 1997), 
these usually occur due to traumatic injury such as road traffic accidents (Martinez and 
Coronado, 1997) and therefore are unlikely to provide much information relating to the 
epidemiology of most cases of spontaneous canine osteoarthritis. Developmental 
disorders of the joint such as hip dysplasias may also cause osteoarthritis in humans 
(Stulberg et al., 1981, Lau et al., 1995, Lane et al., 2000, Ganz et al., 2008, Nunley et al., 
2011), though there appears to be no significant association between hip dysplasia 
prevalence and osteoarthritis prevalence in humans (Lau et al., 1995, Smith et al., 1995, 
Lane et al., 1997). 
1.3.4 Developmental disorders associated with osteoarthritis in the 
dog: 
In dogs, osteoarthritis is generally thought to occur secondary to musculoskeletal 
disorders (Henrotin et al., 2005), therefore the prevalence of and risk factors for these 
disorders may provide some information regarding risk factors for osteoarthritis itself. 
Some common developmental disorders thought to increase the risk of osteoarthritis in 
dogs are hip dysplasia, elbow dysplasia and cranial cruciate ligament rupture (Clements 
et al., 2010). 
Hip dysplasia is one of the most common orthopaedic disorders of the dog (Fries and 
Remedios, 1995, Martinez, 1997), especially in large and giant breeds (Martinez, 1997), 
with 12.6% of Labrador retrievers affected (Morgan et al., 1999). It is thought to develop 
due to joint laxity in puppies, causing abnormal loading and bone growth in the hips 
(Fries and Remedios, 1995), causing joint deformity and secondary osteoarthritis (Fries 
and Remedios, 1995, Martinez, 1997). Though there is a genetic component to its 
development (Martinez, 1997, Mäki et al., 2004, Malm et al., 2008), nutrition and 
growth rates are also a factor: Reduced food intake was associated with reduced risk of 
hip dysplasia development (Kealy et al., 1992), reduced incidence and delayed onset of 
osteoarthritis (Kealy et al., 2000, Smith et al., 2006), and decreased lameness severity in 
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dogs with secondary osteoarthritis (Impellizeri et al., 2000). Sex may also have an effect, 
as Hays et al. (2007) found that male dogs had more severe hip dysplasia scores than 
female dogs at necropsy. 
Elbow dysplasia may also lead to secondary osteoarthritis in dogs (Martinez, 1997, 
Michelsen, 2013). ‘Elbow dysplasia’ is a collective term comprising fragmented medial 
coronoid process (FMCP), ununited anconeal process (UAP), osteochondrosis dissecans 
(Martinez, 1997), articular cartilage injury and elbow incongruity (Trostel et al., 2003, 
Michelsen, 2013). It is most common in large and giant breeds (Martinez, 1997) 
including Labrador retrievers (Morgan et al., 1999), Rottweilers (Mäki et al., 2000) and 
Bernese mountain dogs (Ubbink et al., 1999), though screening and selective breeding 
programmes appear to be reducing its incidence (Ubbink et al., 1999, Malm et al., 2008). 
Elbow dysplasia progresses to osteoarthritis (Bouck et al., 1995, cited in Cook and Cook, 
2009, Michelsen, 2013), even with treatment (Michelsen, 2013). Whilst lag screw 
fixation of UAP may potentially reduce osteoarthritis incidence (Krotscheck et al., 2000, 
Meyer-Lindenberg et al., 2001) this is difficult to confirm since these studies had follow-
up periods of 40 months or less, and it is possible that osteoarthritis developed later 
than this. 
Cranial cruciate ligament rupture (CCLR) also leads to osteoarthritis in dogs, even if 
treated surgically (Hurley et al., 2007, Innes et al., 2010). The pathogenesis of CCLR is 
poorly understood (Hayashi et al., 2003), though rupture occurs progressively over time 
in most dogs (Hayashi et al., 2004). CCLR is significantly more common in larger breeds, 
neutered dogs (especially males), and dogs older than four years (Witsberger et al., 
2008). Because dogs with CCLR will develop secondary osteoarthritis (Hayashi et al., 
2003), these risk factors may be important in the epidemiology of osteoarthritis also. 
1.3.5 Animal models of osteoarthritis: 
1.3.5.1 Current animal models of osteoarthritis: 
Animal models of osteoarthritis include surgical models, such as cranial cruciate 
ligament transection (DeGroot et al., 2004, Boyd et al., 2005, Kamekura et al., 2005, 
Hayami et al., 2006, Inoue et al., 2006), meniscectomy (Cake et al., 2004, Kamekura et 
al., 2005, Moore et al., 2005), transarticular impact trauma (Lahm et al., 2004), 
subchondral bone trauma (Lahm et al., 2004, Lahm et al., 2005, Mrosek et al., 2006), and 
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articular cartilage damage (Yamamoto et al., 2004, Kuroda et al., 2006, Mastbergen et 
al., 2006). A range of species have been used for these experimental surgical models 
including mice (Kamekura et al., 2005), rats (Moore et al., 2005, Hayami et al., 2006, 
Kuroda et al., 2006), rabbits (Yamamoto et al., 2004, Inoue et al., 2006), sheep (Cake et 
al., 2004), cats (Boyd et al., 2005), and dogs (DeGroot et al., 2004, Lahm et al., 2005, 
Mastbergen et al., 2006). Other rodent models induce damage to the joint via 
intraarticular injection of collagenase (Blom et al., 2004), TGF-β (Van Lent et al., 2004), 
iodoacetate (Bove et al., 2003, Fernihough et al., 2004), or heat-killed mycobacteria 
(Landis et al., 1989), and several transgenic mouse models have been used to investigate 
the genes and pathways involved in osteoarthritis development (Rountree et al., 2004, 
de Hooge et al., 2005, Glasson et al., 2005, Morko et al., 2005, Wadhwa et al., 2005, Xu 
et al., 2005, Zhang et al., 2005). Ovariectomised rats (Høegh-Andersen et al., 2004) and 
sheep (Cake et al., 2005) also show osteoarthritis-like changes, which may mirror those 
in postmenopausal women (Cake et al., 2005). Osteoarthritic-like changes generally 
progress rapidly in induced models (Ameye and Young, 2006), facilitating faster, less 
expensive research, however their aetiologies differ from slowly degenerative human 
osteoarthritis and thus their pathogenesis may differ also, potentially reducing their 
translational validity (Ameye and Young, 2006). Spontaneous models of osteoarthritis, in 
which the disease develops without any experimental induction procedure, include age-
related degenerative joint changes in the rat (Jallali et al., 2005), mouse (Davidson et al., 
2005) and horse (McIlwraith et al., 2012), and specific strains predisposed to developing 
osteoarthritis at younger ages, such as the STR/ort mouse (Regan et al., 2005) and 
Hartley guinea pig (Johnson et al., 2004, Quasnichka et al., 2005). The slow progression, 
spontaneously-developing nature and lack of an identifiable aetiology in these animal 
models is more similar to spontaneous osteoarthritis in humans (Ameye and Young, 
2006) and dogs (Liu et al., 2003), therefore the pathogenesis may be similar also. 
1.3.5.2 Spontaneous canine osteoarthritis as a model for human 
osteoarthritis: 
It may also be useful to consider spontaneous osteoarthritis in dogs as a model for human 
osteoarthritis: Spontaneous osteoarthritis in both species shows similar radiographic 
changes (Innes et al., 2004, Zhang and Jordan, 2010), behavioural or emotional changes 
(Wiseman et al., 2001, Hielm-Björkman et al., 2003, Brown et al., 2007, Hawker et al., 
2008, Arendt-Nielsen et al., 2010) consistent with pain (McGrath and Unruh, 1994, cited 
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in Wiseman et al., 2001), disability/lameness (Peat et al., 2001, Hielm-Björkman et al., 
2003, Hawker et al., 2008, Marshall et al., 2010), and responses to nonsteroidal analgesia 
(Jordan et al., 2003, Brown et al., 2008, Hielm-Björkman et al., 2009) and total joint 
arthroplasty (Conzemius et al., 2003, Lascelles et al., 2010, Beswick et al., 2012). Similar 
changes in gene expression also occur in the cartilage of dogs and humans with 
spontaneous osteoarthritis (Clements et al., 2006), and dogs with spontaneous 
osteoarthritis also show very similar changes in cartilaginous proteoglycan levels to those 
found in osteoarthritic humans, whereas cartilage from dogs with experimentally-induced 
osteoarthritis (cranial cruciate ligament transection) showed very different changes in 
proteoglycan levels (Liu et al., 2003), suggesting that spontaneous canine osteoarthritis 
may have better translational validity. Domestic dogs also tend to live in the same 
environments as humans, so are probably exposed to many of the same risk factors (and 
protective factors), whereas experimental animals, including those that develop 
osteoarthritis spontaneously, tend to live in standardised, barren environments (Würbel, 
2001) that bear little resemblance to those of human patients. Dogs also have 
considerably shorter lifespans than humans (Silva and Annamalai, 2009, Dreschel, 2010), 
therefore it should be possible to complete epidemiological cohort studies in dogs much 
more quickly than in humans. The spontaneous canine osteoarthritis model would also 
be compliant with the “3Rs” framework (Reduction, Refinement and Replacement) 
(Guhad, 2005) for ethical use of animals in research in that it does not require the usage 
of laboratory-housed experimental animals (Replacement) and does not require the 
performance of invasive and painful experimental procedures to induce the model 
(Refinement). Further research is required to investigate the similarities and potential 
differences in pathogenesis, epidemiology and responses to treatment in humans and 
dogs, in order to show this model’s translational validity. 
1.4 The effect of chronic pain on cognition: 
This section examines the evidence for impaired cognition in chronic pain conditions in 
humans and rodents, and potential reasons for this. Because working memory and 
attention appear to be impaired in human chronic pain conditions and in rodent pain 
models, it is possible that chronic pain may be associated with impaired cognition in 
osteoarthritic dogs also. 
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1.4.1 The effect of chronic pain on cognition in humans: 
Human chronic pain patients may experience cognitive deficits: For example, patients 
with high-intensity chronic pain showed impaired performance scores (Eccleston, 1995, 
Dick and Rashiq, 2007) and longer response latencies (Grisart and Plaghki, 1999) in 
attention-based tasks. Similarly, chronic pain patients performed worse than age-
matched controls in tests of working memory, recall and verbal fluency (Park et al., 
2001), and performed consistently and significantly worse than healthy controls in a 
meta-analysis of 24 studies assessing working memory (see Table 1.1) (Berryman et al., 
2013). Given that performance in attentional tasks appears to be related to ability to 
manipulate information during performance of the tasks (Dick and Rashiq, 2007), and 
that working memory has been described in the context of controlling attention in order 
to utilise or refrain from utilising specific information (Engle, 2002), it is unsurprising 
that both attention and working memory would be similarly impaired by the same 
phenomenon, such as chronic pain. Chronic pain is associated with deficits in both 
spatial and non-spatial working memory (Berryman et al., 2013). In terms of non-spatial 
working memory, chronic pain was significantly associated with decreased verbal 
working memory across 14 studies (Berryman et al., 2013), and decreased “nonverbal” 
working memory across six comparisons in four studies (however whilst five of these 
comparisons were numeric tasks (Berryman et al., 2013), one used visuospatial 
sequencing (Luerding et al., 2008) which requires aspects of spatial working memory), 
and deficits in “attention and working memory” across six studies in which these were 
considered the same construct (Berryman et al., 2013). Chronic pain patients also 
showed significant deficits in immediate verbal recall, running memory (recall of the last 
few words of a sequence that ends unpredictably), and immediate visual memory 
(Berryman et al., 2013). Spatial working memory may also be impaired in human chronic 
pain patients (though fewer studies have examined this (Berryman et al., 2013)), with 
chronic pain patients showing lower accuracy at recalling the order of symbol 
movements on a grid (Antepohl et al., 2003) and at recalling the order in which blocks 
arranged on a screen were “tapped” (Luerding et al., 2008) than healthy control 
participants. 
Table 1.1: Types of memory described in Section 1.4.1.  




Short-term memory that can be accessed and manipulated 
during performance of a task (van der Staay et al., 2012) 
and is forgotten soon afterwards (Dudchenko, 2004), such 
as an animal remembering locations in which it has already 
searched for food during a single experimental trial (van 
der Staay et al., 2012). In humans, working memory 
facilitates short-term storage and manipulation of 
information required for tasks such as understanding 
language, learning, and reasoning (Baddeley, 1992). 
Reference Memory 
Allows the storage and recall of longer-term information, 
such as locations of food that remain constant between 
trials (van der Staay et al., 2012) or memory of the rules of 
a task, such as that pushing a lever results in a food reward 
(Dudchenko, 2004). In humans, this is often referred to as 
“long-term memory” (Faw, 2003, Blumenfeld and 
Ranganath, 2007, Cowan, 2008), which has been described 
“as a vast store of knowledge and a record of prior events” 
(Cowan, 2008), thereby encompassing both semantic and 
episodic memory (shown below). 
Episodic Memory 
Stores information relating to specific events, including 
when and where events occurred (Tulving, 1972). 
Semantic Memory 
Stores knowledge about the meanings of and relationships 
between words and symbols, as well as rules and 
algorithms for the manipulation of symbols, concepts and 
relationships (Tulving, 1972). 
 
 
The evidence on whether chronic pain is associated with deficits in longer-term memory 
such as reference memory (see Table 1.1) is inconclusive: Luerding et al. (2008) found 
that long-term non-verbal recall was significantly impaired in fibromyalgia patients, but 
that long-term verbal recall and recognition, and non-verbal recognition were within 
normal ranges. Landrø et al. (1997) and Grace et al. (1999) found impaired long-term 
recall in fibromyalgia patients, however this impairment appeared to be associated with 
anxiety (Grace et al., 1999) or depression (Landrø et al., 1997). Therefore it is difficult to 
assess whether pain or comorbid anxiety/depression is responsible for long-term recall 
deficits in chronic pain patients. Oosterman et al. (2011) also found impaired verbal 
episodic memory in patients with various chronic pain conditions in comparison to 
controls, implying that this may also be impaired in human chronic pain, though this 
would be difficult to test in animals because of their inability to use languages. 
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1.4.2 Potential causes of cognitive impairment in chronic pain 
conditions: 
There are several possible explanations for how chronic pain could cause cognitive 
impairments, as shown in Figure 1.1: Firstly, if more neural processing power is used for 
attention to pain, less is available for other cognitive processes (Apkarian et al., 2004a), 
potentially impairing performance at cognitive tasks. This is supported by the findings of 
Oosterman et al. (2011), who found that working memory and verbal episodic memory 
deficits in human chronic pain patients were partially (though not entirely) explained by 
impaired sustained attention. Additionally, chronic pain patients may show 
hypervigilance (Crombez et al., 2004) (increased attentiveness to somatic sensations), 
which further diverts attention towards pain and away from other cognitive functions 
(Legrain et al., 2011). Attention and memory impairments in chronic pain patients are 
also associated with increased pain-related fear and pain catastrophising (Crombez et 
al., 1999, Grisart and Van der Linden, 2001, Sharpe et al., 2009), which increases the 
salience of and prevents disengagement from pain-related stimuli (Sharpe et al., 2009). 
Furthermore, it appears that chronic pain causes grey matter atrophy (Apkarian et al., 
2004b) and also disrupts cortical inhibitory mechanisms in the medial prefrontal cortex, 
amygdala and posterior cingulate cortex; part of a network that is also disrupted in 
autism, Alzheimer’s disease, depression, attention-deficit disorder and schizophrenia 
(Baliki et al., 2008), both of which may contribute to impaired cognitive function. A 
recent study by Dick and Rashiq (2007) found that chronic pain patients with poor 
performance on an attentional task also showed significant impairment at a task 
requiring maintenance and manipulation of spatial information whilst performing 
another spatial task, suggesting that working memory deficits, in particular impaired 
ability to manipulate spatial information during problem solving, may be a cause of 
impaired attention in human chronic pain patients (Dick and Rashiq, 2007). 
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Figure 1.1: Diagram summarising the mechanisms by which chronic pain is 
hypothesised to impair cognition. 
Chronic pain, impaired sleep, affective disorders and impaired cognition are shown in 
red, hypothesised links between these are shown in blue, and citations for sources 
providing evidence for these links (described in further detail within this chapter) are 
shown in green. 
 
Since studies examining the association between chronic pain and cognition in humans 
have not been able to determine a causal relationship (since inducing chronic pain in 
humans would be ethically unacceptable), it is also possible that the working memory 
and attention deficits that occur in chronic pain conditions may not be caused by chronic 
pain itself but by another comorbid factor, such as affective disorders, which are known 
to be associated with both chronic pain (Leino and Magni, 1993, McWilliams et al., 2003, 
Ohayon and Schatzberg, 2003) and impaired working memory (Harvey et al., 2004, 
Christopher and MacDonald, 2005, Rose and Ebmeier, 2006). Anxiety impairs working 
memory in humans (Ashcraft and Kirk, 2001, Shackman et al., 2006), and memory 
deficits also occur in patients with post-traumatic stress disorder (Bremner, 1999). 
Chronic pain patients show elevated levels of anxiety (Gaskin et al., 1992, Holzberg et 
al., 1996), and muscle pain patients reported more stress during a series of cognitive 
tests than control participants (Røe et al., 2001). Chronic pain is often associated with 
symptoms of depression (Gaskin et al., 1992, Leino and Magni, 1993, Holzberg et al., 
1996, Ohayon and Schatzberg, 2003), which is associated with a range of cognitive 
deficits in humans (Ravnkilde et al., 2002), so it is also possible that depression may 
contribute to the cognitive impairments seen in chronic pain patients. In particular, the 
long-term recall deficits observed in some studies of fibromyalgia patients appear to be 
associated with anxiety (Grace et al., 1999) or depression (Landrø et al., 1997).  
Chronic pain disorders are associated with impaired sleep, as discussed in Section 1.6.1, 
which is also associated with working memory deficits: Children with lower sleep 
efficiency and longer sleep latencies (measured actigraphically) had lower scores in a 
test of working memory than children with higher sleep efficiency and shorter sleep 
latencies (Steenari et al., 2003). Similarly, older adults who slept for less than 5 hours a 
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night (measured actigraphically) had reduced accuracy in a number-matching working 
memory task than older adults who slept for more than 7 hours a night (Miyata et al., 
2013). Patients with obstructive sleep-disordered breathing also showed significantly 
reduced accuracy and increased response times in a task of verbal working memory 
compared to healthy controls (Thomas et al., 2005). Impaired working memory has also 
been observed following induced sleep deprivation in healthy participants: Sleep 
deprivation of just one hour past participants’ usual sleeping time was sufficient to 
cause impaired accuracy and increased response latencies in a virtual location-matching 
test of spatial working memory in human volunteers (Smith et al., 2002). Additionally, 24 
hours of sleep deprivation caused an increase in response latencies in two working 
memory tasks in young adults (Chee and Choo, 2004). Sleep deprivation also appears to 
be associated with impaired working memory in non-human animals: Twelve hours of 
sleep deprivation significantly impaired performance in a novel arm recognition task of 
spatial working memory in mice (Hagewoud et al., 2010), and rats deprived of sleep for 
eight hours (but not for only four hours) showed significantly decreased accuracy in a T-
maze task of spatial working memory compared to control rats (Xie et al., 2015). 
Therefore it is possible that sleep deficits associated with chronic pain (see Section 
1.6.1) may contribute to impaired working memory in chronic pain patients. 
1.4.3 The effects of chronic pain on cognition in rodents: 
There is also evidence that chronic pain impairs cognition in rats: Rats showed deficits in 
sustained attention (reduced accuracy and more omissions) in a 5-choice serial response 
time task following experimentally-induced osteoarthritis from intraarticular Freund’s 
adjuvant (Pais-Vieira et al., 2009). Whereas healthy rats show a preference for novel 
objects over familiar ones and will usually spend more time interacting with these 
(Antunes and Biala, 2012), rats with experimentally-induced colitis showed significantly 
reduced proportions of time interacting with a novel object placed in a familiar 
environment containing three familiar objects compared to control rats (Millecamps et 
al., 2004), and the proportion of time colitic rats spent investigating the novel object was 
close to that expected by chance, implying that colitis causes rats to show reduced 
attention to their environment such that they do not appear to recognise that the novel 
object is novel (Millecamps et al., 2004). Alternatively, the colitic rats may have had 
impaired non-spatial working memory and thus did not recognise the familiar objects, 
interacting with all objects as if they were equally novel, as hypothesised in a similar 
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paradigm devised by Ennaceur and Delacour (1988). Rats with neuropathic pain from 
nerve ligation also showed significantly more spatial working memory errors (increased 
number of revisits to previously-entered arms on a radial maze) compared to sham-
operated rats, but there was no significant difference in spatial reference memory errors 
(visits to arms that were not baited with food) between groups (Ren et al., 2011). Nerve-
ligated rats also showed a significantly reduced proportion of correct choices on a 
figure-of-eight maze task of spatial working memory than sham-operated rats (Cardoso-
Cruz et al., 2013a, Cardoso-Cruz et al., 2013b), providing further evidence that their 
spatial working memory is impaired. 
1.5 Assessment of working memory in non-human animals: 
This section will focus on the assessment of working memory in non-human animals, as 
there is much evidence that this is impaired in human chronic pain patients (see Section 
1.4), and exploration of existing working memory assays in animals is necessary in order 
to identify suitable paradigms for assessing working memory in dogs. 
Because of non-human animals’ inability to use language, it is not possible to assess the 
verbal/auditory or numeric working memory constructs more commonly used in 
humans (Berryman et al., 2013). Therefore most working memory assays in laboratory 
rodents have focused on either spatial working memory or non-spatial working memory 
in terms of short-term recognition of objects or odours (Dudchenko, 2004). 
1.5.1 Reinforced maze tasks of spatial working memory: 
Many tests of spatial working memory in rats have used maze-type tasks, such as the 
radial maze in which the rat is placed in a central chamber connected to several arms 
(usually eight (Olton and Samuelson, 1976), but four (Olton and Feustle, 1981), 12 
(Burešová and Bureš, 1982, Cook et al., 1985), 17 (Olton et al., 1977) and 24 arms 
(Burešová and Bureš, 1982) have been used) each of which is baited with a food reward. 
The animal uses its spatial working memory to avoid revisiting arms it has already visited 
(and thus that currently contain no food) on that particular trial, generally making very 
few errors (revisits to previously visited arms) (Olton and Samuelson, 1976). Whilst 
success rates decrease with increasing numbers of arms (Olton et al., 1977, Burešová 
and Bureš, 1982), the absence or rearrangement of external landmarks (Suzuki et al., 
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1980) or enforced delays between visits (Cook et al., 1985, Bolhuis et al., 1986), 
performance does not reach chance levels until delays reach more than one hour 
(Bolhuis et al., 1986), and rats are capable of performing the task successfully even 
without external landmarks (Suzuki et al., 1980). Whilst it is possible that rats’ inherent 
preference to explore previously-unexplored areas (Dudchenko, 2004) may partially 
explain their success at this task, rats are also able to successfully perform the task if 
trained that food reinforcement only occurs if they select the same arm that they visited 
on the initial trial of the day (which changes each day), rather than a different arm 
(Jarrard et al., 1987, cited in Jarrard, 1993), implying that rats can use spatial working 
memory to solve these tasks rather than relying on alternation strategies or preference 
for unexplored areas. The radial maze task can also be adapted to assess reference 
memory as well as working memory by consistently placing food rewards in specific 
arms and not others, thus visiting an arm that is never baited constitutes a reference 
memory error whereas visiting a previously-visited arm that was baited constitutes a 
working memory error (Wirsching et al., 1984, Smith et al., 1998, Fader et al., 1999). 
Water maze tasks can also be used to assess working memory, relying on negative 
reinforcement rather than food rewards: A rat is placed in a water-filled pool which 
contains a submerged platform, the location of which changes each day, and several 
visual landmarks located outside the pool are available to aid in navigation (Morris et al., 
1986). The time taken to locate the platform decreases between the first and second 
trial, implying that the rodent learns the location of the platform for that day (Morris et 
al., 1986), even when delays are present (Steele and Morris, 1999). A radial water maze 
has also been used, with rats swimming to the end of each maze arm to reach a 
submerged platform which then disappears after 20 seconds, requiring them to swim to 
an unvisited arm to find a platform that is still present (Burešová et al., 1985). Rats 
showed a 97.5% success rate on their first eight visits (Bolhuis et al., 1985), and whilst 
enforced delays between visits decreased performance, it did not reach levels expected 
by chance unless the delay exceeded 10 hours (Bolhuis et al., 1985).  
Similar tasks have previously been used in dogs: Macpherson and Roberts (2010) used 
an eight-arm radial maze task to assess spatial working memory in dogs. However whilst 
the dogs did show improvements (fewer visits to arms they had entered previously, and 
earlier visits to arms that contained larger amounts of food) over time (Macpherson and 
Roberts, 2010), suggesting that spatial working memory in dogs works similarly to that in 
rats, the performance of dogs in this task was significantly worse (83% mean correct 
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responses) to that previously seen in rats (90.21% mean correct responses, p<0.05) 
(Olton and Samuelson, 1976, Macpherson and Roberts, 2010). It was therefore 
suggested that the radial maze may not be an appropriate test of spatial memory in 
dogs (Macpherson and Roberts, 2010). Meanwhile Craig et al. (2012) reported success 
with this paradigm, finding that dogs were able to perform significantly better than 
chance and also that they displayed a significant primacy effect (recalling the locations 
of earlier visits better than later ones) when they had to remember which arms they had 
previously visited, however their study required a prolonged training period (10 
habituation trials followed by up to 23 trials to reach a learning criterion, with only one 
trial per day (Craig et al., 2012)) which may not be feasible for studies involving animals 
owned by members of the public due to the limited contact time available with each 
animal (although it may be possible to condense this period by using multiple trials per 
day). Additionally, animals with osteoarthritis may struggle to travel between the arms 
of a maze due to locomotor impairment or pain. The appetitively motivated holeboard 
task is an alternative to the radial maze task in which food is placed in holes/containers 
arranged in a square grid rather than at the ends of arms (van der Staay et al., 2012), 
which has shorter walking distances between containers so that osteoarthritic dogs 
could more easily participate, and for which the apparatus should be easier to construct, 
place and store than that required for a radial maze. It also has the advantage of 
providing separate scores for spatial working memory and spatial reference memory 
(van der Staay et al., 2012), allowing both to be assessed simultaneously. The holeboard 
task is described in more detail in Chapter 2. 
1.5.2 Unreinforced (exploratory) tasks of working memory: 
Because rats have a natural preference for exploring unexplored areas rather than 
recently explored ones (Dudchenko, 2004), unreinforced maze tasks can also be used to 
assess working memory: Rats placed in a T-maze (Tolman, 1925), plus-maze 
(Montgomery, 1952), square maze (with two parallel routes between the same start and 
endpoints) (Dennis, 1939), or other shapes of maze with spatially-distinct route choices 
(Ladieu, 1944, Whishaw et al., 1995), consistently choose to visit different arms in 
subsequent trials to those they visited on previous trials. This occurs independently of 
the direction in which the rat needs to turn in order to reach an unexplored arm 
(Dennis, 1939, Montgomery, 1952), so is more likely to be based on motivation to 
explore than alternation of body movements (Montgomery, 1952). Additionally, rats 
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were able to correctly select the alternate arm from the previous trial when placed in an 
identical maze in an identical featureless room, suggesting rats are not reliant on odour 
cues to solve the task (Dudchenko and Davidson, 2002), but not if the maze was rotated 
90 degrees, suggesting that rats used a “sense of direction” or spatial working memory 
rather than a turning strategy to select the alternate arm (Dudchenko and Davidson, 
2002). Rats’ success at selecting the novel arm rather than the previously-explored arm 
of a T-maze (and thus, it is assumed, their working memory for which arm they explored 
on the previous trial) is decreased with increasing delays between trials (Dudchenko, 
2001), and removal of external landmarks if rats were exposed to these in training 
(Dudchenko, 2001). However, rats trained without landmarks performed as well as 
those trained (and tested) with landmarks, implying that rats can learn to recall the arm 
they have not previously visited using strategies other than external (allocentric) cues 
(Dudchenko, 2001). Rats do not appear to significantly prefer unexplored arms over 
previously explored arms if the arms are adjacent and parallel (and thus not spatially 
distinct from each other) (Douglas et al., 1972), however.  
 Rats’ tendency to explore novel stimuli over familiar ones can also be applied to assess 
their working memory for objects (non-spatial working memory): A task developed by 
Ennaceur and Delacour (1988) involved placing a rat in a chamber containing two 
identical sample objects which they were allowed to explore, removing the rat for a 
short delay period and placing them back into the chamber which now contained one 
object from the previous trial and another, novel object. The rats spent more time 
interacting with the novel object than the familiar object (Ennaceur and Delacour, 1988), 
indicating that they recognised the familiar object from the previous trial and were thus 
less motivated to explore it. The ability to perform this task in a single session of two 
trials without training, and the lack of specialised equipment required, would make this 
task an ideal candidate for the assessment of non-spatial working memory in companion 
animal dogs, therefore this “novel object recognition task” is explored in greater detail 
in Chapter 2. 
1.5.3 Delayed non-matching to sample tasks: 
Non-spatial working memory in rats can also be assessed using delayed matching to 
sample (DMS - where the animal is rewarded for responding to a previously-
encountered stimulus rather than a novel one) or delayed non-matching to sample 
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(DNMS - where the animal is rewarded for responding to a novel stimulus rather than a 
previously-encountered one) tasks (Elliott and Dolan, 1999, Dudchenko, 2004). 
However, since DMS tasks require inhibition of animals’ innate tendency to 
preferentially respond to novel stimuli over familiar ones (Elliott and Dolan, 1999) and 
DNMS tasks do not (Diamond, 1991, cited in Elliott and Dolan, 1999), DNMS tasks may 
be considered more “pure” tests of working memory (Elliott and Dolan, 1999)  
In two such studies using similar paradigms, rats were trained to displace an object in 
return for a food reward on the first trial, but on the second trial they were presented 
with this object and another, novel object, and were only rewarded if the novel object 
was displaced (Rothblat and Hayes, 1987, Mumby et al., 1990). Each pair of objects was 
unique to a specific two-trial session (Rothblat and Hayes, 1987, Mumby et al., 1990) so 
the task was assessing working rather than reference memory for the object, and rats 
showed success rates of 75-90%, though performance decreased with increasing delays 
between trials (Rothblat and Hayes, 1987, Mumby et al., 1990). Since rats tested using 
an identical copy of the original object in the second trial performed similarly to rats 
tested using the same original object in both trials at each delay interval (Mumby et al., 
1990), it is likely that rats were relying on working memory rather than on odour cues 
left on the previously-encountered object in order to recognise it.  
A variant of this task, the delayed non-matching to position (DNMP) task, has also been 
used to assess spatial working memory in rats (Chudasama and Muir, 1997). Rats are 
placed in an operant chamber containing two levers on the left and right sides of a food 
or water reward dispenser, and are initially presented with a lever in one position, which 
they push to activate a retention interval in which the lever disappears and after which 
the rat has to push its nose into either the central food-dispenser (Chudasama and Muir, 
1997) or a well on the wall opposite the lever (Hampson et al., 1999), to begin the next 
trial. At this point, both levers are presented, and the rat has to push the lever that was 
not presented in the previous trial to receive a reward of food (Chudasama and Muir, 
1997) or water (Hampson et al., 1999). However, animals may not be relying solely on 
spatial working memory to solve this task, as Chudasama and Muir (1997) found that 
observers were reliably able to predict (R≥0.7, p<0.01) which lever a rat was going to 
select by their behaviour during the delay interval (e.g. orienting the head or nose 
towards the location at which the correct lever would appear whilst nose-poking the 
food dispenser), therefore it seems that rats use an orienting strategy to successfully 
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select the correct lever, using their body position as a cue to select the correct lever 
rather than relying on their spatial working memory of the correct location. This could 
be avoided by using tasks in which the rat is unable to detect what the correct response 
will be until after the delay interval (Pontecorvo et al., 1996); for example, Pontecorvo 
(1983) used a non-spatial DNMS task in which rats were presented with either a bright 
or dim light for a brief period followed by an intertrial interval and then either a light of 
the same brightness or a light of a different brightness. If the brightness was different, 
the rat had to push a lever and respond in order to receive a reward, whereas pushing a 
lever when the light was the same brightness as previously resulted in no reward. This 
concept could be applied to the DNMP task in order to test spatial memory by using a 
chamber containing multiple potential lever locations that differ from the original lever, 
such that the correct response location would not be obvious during the retention 
interval. Delayed non-matching to sample tasks have not only been used to assess 
working memory for objects and locations but also for odours, with rats able to perform 
nose-pokes if presented with an odour that differed from the previously-presented 
odour (Otto and Eichenbaum, 1992), and able to learn to dig for food pellets in sand 
only if the sand was scented with spices that had not been present in previous trials 
(Wood et al., 1999, Dudchenko et al., 2000). DNMS tasks have also been used to assess 
non-spatial working memory in monkeys (Mishkin and Delacour, 1975, Zola-Morgan and 
Squire, 1986, Baxter and Murray, 2001) and human infants (Diamond, 1990).  
Several studies by N. W. Milgram’s research group have also used DNMP tasks to 
investigate spatial working memory in dogs (Adams et al., 2000, Tapp et al., 2003, Zanghi 
et al., 2015). This method appears to be sensitive in that it is able to detect age-related 
deficits in spatial working memory in dogs (Adams et al., 2000, Tapp et al., 2003, Zanghi 
et al., 2015), but the long durations of training required, especially in older dogs (which 
are more likely than younger dogs to have osteoarthritis), means that such a training-
intensive method may be unsuitable for studies using companion animal dogs owned by 
members of the public, where contact time with the subjects is limited. 
1.6 Chronic pain and sleep disturbance: 
Patients with chronic pain often report disturbed sleep or insomnia: 74% of rheumatoid 
arthritis patients reported that arthritis interfered with their sleep to some extent, 14% 
claiming it severely interfered with their sleep (Nicassio and Wallston, 1992), with a 
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significant correlation between pain severity and sleep problems even after accounting 
for age, demographics and functional impairment (Nicassio and Wallston, 1992). 77% of 
orofacial pain patients also reported decreased sleep since disease onset, with 41% 
reporting a decrease in sleep duration of 50% or more (Riley et al., 2001). 
1.6.1 The chronic pain-sleep disturbance relationship: 
Whilst many chronic pain patients report sleep disturbances, the directional nature of 
this relationship is still unclear. It is possible that increased chronic pain severity causes 
increased sleep disturbance, as in many studies chronic pain was a predictor of 
subsequent sleep problems (Nicassio and Wallston, 1992, Drewes et al., 2000, Riley et 
al., 2001), and cognitive behavioural therapy (CBT) for chronic pain improved 
subsequent sleep measures in ankylosing spondylitis patients (Basler and Rehfisch, 
1991), though this may have been due to improved mood outcomes. However another 
study found no evidence of improved sleep following successful CBT for chronic pain 
(Becker et al., 2000). It is much more difficult to assess whether pharmacological 
treatment of chronic pain leads to a decrease in sleep disturbance (or vice-versa), 
because many drugs have both analgesic and sedative-hypnotic properties (Menefee et 
al., 2000, Smith and Haythornthwaite, 2004), for example, whilst amitriptyline reduced 
pain severity and increased sleep in chronic pain patients (Zitman et al., 1990), this is 
probably because it has both analgesic and sedative effects (Menefee et al., 2000), and 
use of “off-label” sedative-hypnotic benzodiazepine drugs for analgesic purposes in 
chronic pain patients is common (King and Strain, 1990, Hardo and Kennedy, 1991, 
Hardo et al., 1992). Therefore it is difficult to use responsiveness to drug treatment to 
investigate the relationship between chronic pain and sleep. There is also some 
evidence that impaired sleep causes increased pain: Chronic pain patients reporting 
poor sleep also report greater pain severity and unpleasantness (Affleck et al., 1996, 
Morin et al., 1998), with impaired sleep appearing to occur prior to increased daytime 
pain (Affleck et al., 1996), though this could be explained by an association between 
increased attention to pain and decreased sleep (Affleck et al., 1996). Stone et al. (1997) 
found that self-reported pain intensity and fatigue were correlated with perceived sleep 
quality but not sleep duration, suggesting that subjective quality of sleep is more 
important than sleep duration in terms of reducing pain perception and/or being 
reduced by pain perception. 
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Experimentally depriving healthy subjects of SWS (slow-wave sleep) can cause changes 
in alpha-brainwave activity during sleep and decreased acute musculoskeletal 
nociceptive thresholds afterwards (Moldofsky and Scarisbrick, 1976, cited in Moldofsky 
and Lue, 1980) both of which may also occur in fibromyalgia patients (Moldofsky and 
Scarisbrick, 1975, cited in Moldofsky and Lue, 1980), and normal acute nociceptive 
thresholds can be restored following SWS-specific recovery sleep (but not REM recovery 
sleep) (Onen et al., 2001). However, Arima et al. (2001) found no changes in nociceptive 
thresholds following SWS disruption in healthy volunteers. Additionally, the prolonged 
(40 hours (Onen et al., 2001) to three days (Arima et al., 2001)) SWS deprivation in these 
studies does not resemble sleep deprivation in chronic pain patients, as orofacial pain 
patients report a mean of 5.9 hours sleep a night, with only 19% of patients sleeping for 
four hours or less (Riley et al., 2001). Additionally, these studies rely on acute 
nociceptive threshold testing, and whilst chronic pain causes decreased nociceptive 
thresholds (Woolf and Doubell, 1994) it also involves mechanisms distinct from those 
involved in nociception (see Section 1.2.2), therefore the mechanisms by which sleep 
disturbance appears to acutely exacerbate pain in chronic pain patients may not be 
comparable to those by which severe sleep deprivation causes decreased mechanical 
nociceptive thresholds in healthy volunteers. 
Both chronic pain (Leino and Magni, 1993, Ohayon and Schatzberg, 2003), and sleep 
disorders (Casper et al., 1985, Alvaro et al., 2013), are associated with depressive 
disorders. Pain duration and severity ratings, as well as depression ratings, were 
significantly associated with impaired sleep measures on a sleep diary in chronic pain 
patients (Haythornthwaite et al., 1991), and depression patients with no chronic pain 
disorder showed increased activation of the anterior cingulate cortex and insula when 
anticipating an experimentally-evoked acute painful stimulus (Strigo et al., 2008), both 
of which are generally coactivated with the amygdala during the emotional processing 
of pain and other emotion-evoking stimuli (Craig, 2002). Furthermore, similar 
neurophysiological and neurochemical changes occur in pain, depression and sleep 
disorders (Boakye et al., 2016), suggesting that depression may be involved in the 
relationship between chronic pain and sleep. Other studies have also found stronger 
associations between depression and insomnia than chronic pain and insomnia (Riley et 
al., 2001), and higher effect scores for depression than pain as a predictor of sleep 
disturbance (though both were significant) (Pilowsky et al., 1985). It has been suggested 
that chronic pain may induce depression and this may induce sleep disturbances, 
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causing the observed sleep deficits in chronic pain patients (Smith and Haythornthwaite, 
2004), though since each of the three conditions appear to increase the probability or 
severity of the others, it is difficult to identify the true directionality of this relationship. 
1.6.2 Sleep disturbance in osteoarthritis: 
People with painful osteoarthritis also experience sleep disturbances, reporting twice 
the overall population prevalence of insomnia and unrefreshing sleep (Power et al., 
2005) (note that this study did not distinguish between osteoarthritic and rheumatoid 
arthritic participants), as well as high prevalences of reporting poor sleep maintenance 
(Wilcox et al., 2000), sleep onset (Wilcox et al., 2000), sleep quality (Taylor‐Gjevre et al., 
2011) and night-time or early morning awakenings (Wilcox et al., 2000, Taylor‐Gjevre et 
al., 2011). Whilst self-report measures show impaired sleep in osteoarthritis, the results 
from actigraphy studies (a more objective measure of sleep, discussed in Section 1.6.3) 
are mixed: Total hip arthroplasty in osteoarthritic patients improved subjective sleep 
measures and reduced actigraphic measures of time spent in bed, activity during sleep 
and fragmented sleep (Fielden et al., 2003), however another study found no significant 
actigraphic differences between osteoarthritic patients and healthy demographically 
matched-controls (Leigh et al., 1988) and whilst yoga significantly improved self-
reported measures of sleep in women with osteoarthritis, it had no significant effect on 
actigraphic outcomes (Taibi and Vitiello, 2011). This discrepancy may be due to the 
relatively low specificity of actigraphy in comparison to self-report measures (Rogers et 
al., 1993, Paquet et al., 2007), as discussed in Section 1.6.3. Rat osteoarthritis models 
(intraarticular iodoacetate (Silva et al., 2008) or killed mycobacteria (Landis et al., 1989)) 
also showed increased time awake and greater sleep fragmentation (Landis et al., 1989), 
reduced total sleep time, decreased SWS and REM sleep, and increased microarousals 
(periods of arousal that do not result in waking) (Silva et al., 2008), and similar findings 
occurred in a gout arthritis model (intraarticular uric acid) (Guevara‐López et al., 2009). 
At the time of writing, there are no studies assessing the effects of pain from 
osteoarthritis on sleep in dogs, in comparison with healthy control dogs. However, 
Knazovicky et al. (2015) found that nonsteroidal analgesic (meloxicam) administration in 
osteoarthritic dogs resulted in improved sleep quality as assessed by an owner 
questionnaire, but did not decrease night-time activity as assessed by actigraphy, 
compared to placebo or no treatment. This suggests that osteoarthritic dogs may also 
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experience sleep disturbances due to pain, as seen in osteoarthritic humans. Whilst 
depressive disorders are prevalent in chronic pain conditions and may affect sleep, 
Harris (2017) found no evidence of negative judgement bias (see Section 1.2.3) in dogs 
with osteoarthritis compared to healthy control dogs, indicating that osteoarthritis may 
not be associated with depressive-like clinical signs in dogs. However more severely 
osteoarthritic dogs were less likely to successfully learn the task than less severely 
affected osteoarthritic dogs (Harris, 2017), so the osteoarthritic dogs that performed 
this task may have had less pain and perhaps a more positive affective state than 
osteoarthritic dogs in the general population. Additionally, there was a significant 
association between osteoarthritis severity and right-hemisphere laterality bias 
(tendency to pass a novel object on their right side) (Harris, 2017), a novel measure that 
may indicate increased emotional intensity (Sullivan, 2004, Siniscalchi et al., 2008) and 
negative affective (emotional) state (Rohr et al., 2013). Therefore it is possible that 
depressive-like states may occur in osteoarthritic dogs and that this may complicate the 
relationship between chronic pain and sleep. 
1.6.3 Methods of sleep assessment: 
The accurate study of sleep in chronic pain patients is difficult, partially because of the 
drawbacks of the various methods of assessing sleep. The gold standard measure of 
sleep assessment is via polysomnography (Sadeh et al., 1995), which records EEG 
(electroencephalogram – measuring brain activity), EMG (electromyogram – measuring 
muscle activity) and EOG (electro-oculogram - measuring eye movement) 
measurements during sleep (Menefee et al., 2000). This allows identification of different 
sleep stages: Stages 1-4 of NREM (non-rapid-eye-movement) followed by REM (rapid 
eye movement) sleep. Stages 3 and 4 show high voltage waves and are collectively 
known as slow-wave sleep (SWS) (Moldofsky and Lue, 1980, Menefee et al., 2000), 
whereas REM sleep is characterised by low voltage waves and rapid eye movements 
(Menefee et al., 2000). This may be useful as certain stages of sleep may be affected 
more by chronic pain conditions than others; for example increased rheumatoid arthritis 
pain and severity measures were associated with increased SWS but decreased stage 2 
sleep (Drewes et al., 2000), osteoarthritis patients showed more stage 1 sleep but less 
stage 2 sleep (Leigh et al., 1988) and fibromyalgia patients showed increased stage 1 
sleep but decreased SWS (Roizenblatt et al., 2001) compared to healthy control 
participants. However, polysomnography requires expensive equipment and analytical 
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expertise thus is infeasible for prolonged monitoring of patients at home, therefore 
relatively few polysomnographic studies in chronic pain patients exist (Menefee et al., 
2000).  
Actigraphy is an alternative measure of objectively monitoring sleep which can be 
performed in the patient’s home and allows continuous data collection over longer 
periods of time (Sadeh et al., 1995): A device containing an accelerometer is placed on 
the wrist or ankle and records the participant’s movements over each period or “epoch” 
allowing the distinction between sleep (low movement) and wakefulness (high 
movement) to be determined either through manual scoring (Kripke et al., 1978, 
Mullaney et al., 1980) or more recently through automated algorithms (Webster et al., 
1982, Sadeh et al., 1994) Whilst initial validation studies in healthy participants showed 
agreement rates with polysomnography of over 80% (Kripke et al., 1978, Mullaney et al., 
1980, Webster et al., 1982), more recent evidence suggests this may be misleading: 
Whilst the sensitivity (ability to correctly detect sleep) of actigraphy often exceeds 90%, 
its specificity (ability to detect wakefulness) is lower at 24-65% (de Souza et al., 2003, 
Paquet et al., 2007, Sitnick et al., 2008). Because more of the measurement period is 
generally spent asleep than awake (and thus is more likely to be correctly scored), the 
minute-by-minute agreement with polysomnography is often high (Sadeh, 2011), 
therefore this agreement rate is decreased in participants with poorer sleep who spend 
more time awake (Mullaney et al., 1980, Sadeh et al., 1989, Sivertsen et al., 2006, 
Paquet et al., 2007). Despite this, actigraphy could differentiate between healthy adult 
participants, insomniacs and participants with sleep apnoea with 65-74% accuracy 
(Sadeh et al., 1989), between children with sleep disturbance and healthy control 
children with 79-91% accuracy (Sadeh et al., 1991), and between medicated and 
unmedicated narcolepsy patients with 81% accuracy (Bruck et al., 2005), and has also 
identified sleep-impairing adverse effects of methylphenidate in children with ADHD 
(Corkum et al., 2008). These findings imply that despite its low specificity, actigraphy 
remains useful in participants with impaired sleep. 
Though less objective, several self-reporting techniques are regularly used to assess 
sleep duration and quality, which do not require expensive equipment and are 
straightforward to record and analyse. These include sleep diaries, in which patients 
record their sleep duration and onset, waking frequency and other factors pertinent to 
the study (Haythornthwaite et al., 1991, Åkerstedt et al., 1994, Monk et al., 1994). 
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Rogers et al. (1993) found 87% agreement between polysomnographic and sleep diary 
recordings of time spent asleep, with 92.3% sensitivity and 95.6% specificity, much 
higher than the specificity identified in actigraphic studies (de Souza et al., 2003, Paquet 
et al., 2007). Sleep diaries and actigraphy provided similar measures of total sleep time, 
sleep efficiency and time spent awake following onset of sleep, but patients reported 
longer sleep onset latencies and fewer awakenings than were detected actigraphically 
(Wilson et al., 1998). This may not reflect a problem with the sleep diary method itself 
however, as some actigraphic algorithms overestimate awakening frequency (Paquet et 
al., 2007). In addition to sleep diaries, there are also self-report questionnaires that ask 
patients about their sleep duration and quality retrospectively (Buysse et al., 1989, 
Nicassio and Wallston, 1992, Douglass et al., 1994, Riley et al., 2001). One questionnaire 
score was able to classify two thirds of patients into the correct category of five based 
on the presence and type of (polysomnographically diagnosed) sleep disorder (Sweere 
et al., 1998), and another was significantly correlated with polysomnographically-
recorded sleep efficiency, sleep maintenance and delta brainwaves in younger, but not 
in elderly, participants (Buysse et al., 1991). Because of their ease of use, affordability 
and ability to assess participants’ subjective views on their sleep, they are a useful 
additional measure in studies also using more objective measures.  
1.7 How will this thesis project investigate the effect of 
spontaneous canine osteoarthritis on working memory 
and sleep? 
1.7.1 Summary of literature: 
This literature review has brought together information from previous studies relating to 
chronic pain, osteoarthritis, working memory and sleep impairments in chronic pain 
patients, and methods of assessing working memory and sleep. 
Sections 1.2.1-1.2.2 of this literature review discussed the definitions of and 
pathophysiological changes in chronic pain, showing that chronic pain, whilst difficult to 
define, is a subjective phenomenon characterised by specific, measurable 
pathophysiological changes. Section 1.2.3 summarised evidence from previous studies 
showing that chronic pain is likely to be experienced as an unpleasant subjective 
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experience by non-human mammalian species, implying that dogs with chronic pain 
from osteoarthritis are likely to experience this as a subjectively unpleasant 
phenomenon which could affect their welfare. This emphasises the importance of 
studying the effects of chronic pain disorders such as osteoarthritis in dogs from a 
canine welfare perspective.  
Section 1.3.1 reviewed the evidence that osteoarthritis causes chronic pain in both 
humans and companion animal dogs, which suggests that osteoarthritic dogs may be 
subject to the same unpleasant effects associated with chronic pain as those previously 
observed in human chronic pain patients, potentially including working memory and 
sleep deficits. This shows that chronic pain from osteoarthritis is an important area for 
research with the potential to affect the welfare of both dogs and humans. Sections 
1.3.2-1.3.4 discussed the diagnosis and treatment of osteoarthritis in dogs and identified 
potential risk factors for its development, using information from limited 
epidemiological and experimental studies on canine osteoarthritis, known risk factors 
for osteoarthritis in humans, and risk factors for developmental joint disorders 
predisposing to osteoarthritis in the dog. This suggested that osteoarthritis is likely to be 
a prevalent and important cause of chronic pain in dogs and may affect certain breeds or 
demographics more than others, highlighting the importance of studying the effects of 
osteoarthritis in dogs as an important and prevalent welfare concern.  
Section 1.3.5 reviewed the types and limitations of existing animal models of 
osteoarthritis, and proposed that spontaneous canine osteoarthritis may have potential 
as a translationally valid and ethically advantageous model of human osteoarthritis. This 
also suggests that because similar mechanisms occur in human and canine 
osteoarthritis, dogs may experience similar clinical signs and pathophysiological changes 
as those reported in humans. This section also highlights potential implications for the 
findings of this thesis project in terms of human chronic pain and osteoarthritis: If it 
could be shown that spontaneous canine osteoarthritis causes impaired sleep, this 
would provide further evidence for its translational validity as a model of human chronic 
pain and osteoarthritis, in which sleep impairments have been reported. Additionally, if 
it could be shown that canine osteoarthritis causes impaired working memory, this 
would provide further evidence for the translational validity of spontaneous canine 
osteoarthritis as a model of human chronic pain. This finding would also imply that 
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chronic pain may cause impaired working memory in human osteoarthritis patients, in 
which the effects of chronic pain on cognition have not been specifically investigated.  
Section 1.4 discussed the evidence for impaired working memory as a result of chronic 
pain in humans and laboratory rodents, and the hypothesised causes of this effect. This 
showed that working memory deficits occur in chronic pain conditions in both humans 
and non-human mammals, and thus that it is plausible that chronic pain in dogs with 
osteoarthritis may also be associated with such deficits. Section 1.5 reviewed existing 
methods of assessing working memory in non-human animals and the feasibility of 
adapting these methods for use in dogs owned by members of the public, facilitating the 
identification of tasks that could be used to compare the working memory of dogs with 
and without chronic pain from osteoarthritis. Section 1.6 discussed the relationship 
between chronic pain and sleep disturbance, as well as the evidence that sleep is 
impaired in human osteoarthritis patients and rodent osteoarthritis models, and that 
nonsteroidal analgesia improves scores on an owner questionnaire assessing sleep 
quality in osteoarthritic dogs. It also discussed the advantages and limitations of 
common methods used to measure sleep. This suggests that spontaneous canine 
osteoarthritis could potentially be associated with impaired sleep, as reported by human 
osteoarthritis patients, and highlights potential methods that could be adapted for 
investigating sleep in dogs. 
From the evidence discussed in this chapter that human chronic pain is associated with 
impaired working memory and sleep, that human osteoarthritis is associated with sleep 
deficits, and that osteoarthritis causes chronic pain in both humans and dogs and 
appears to share many similarities between these species, it therefore seems possible 
that dogs with chronic pain from osteoarthritis may experience impaired working 
memory and sleep. If working memory impairments exist in osteoarthritic dogs, they 
may impair dogs' everyday functioning as seen in human chronic pain patients 
(Klingberg, 2010), which could potentially include reduced abilities to navigate spatial 
environments (van der Staay et al., 2012) or locate objects (Fiset et al., 2003), recall and 
respond appropriately to familiar situations (Ennaceur and Delacour, 1988), and learn, 
recall or focus attention on trained behaviours (Adams et al., 2000, Tapp et al., 2003, 
Snigdha et al., 2012), which may adversely affect the relationship between dogs and 
their owners. Sleep deficits may cause negative affective states (Casper et al., 1985, 
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Alvaro et al., 2013) and increased pain (Affleck et al., 1996, Morin et al., 1998), as seen 
in humans, which may adversely affect dogs' welfare.  
Because impaired working memory and sleep could therefore lead to impaired welfare, 
it is important to investigate whether these phenomena occur in dogs with chronic pain 
from osteoarthritis. As discussed in Sections 1.5 and 1.6.3, these could be investigated 
using adaptations of working memory assays used in rodents, such as the holeboard and 
novel object recognition tasks, and using adaptations of sleep assays used in humans, 
such as actigraphy and owner questionnaires (as used previously by Knazovicky et al. 
(2015) to assess the effect of nonsteroidal analgesia on sleep in osteoarthritic dogs). This 
thesis project therefore aimed to investigate the effects of chronic pain from 
osteoarthritis on working memory and sleep in dogs, by comparing measures of working 
memory and sleep in dogs with chronic pain from osteoarthritis to those in healthy 
control dogs. 
1.7.2 Aims, hypotheses and scope of the project: 
The aim of this thesis was to investigate the effects of chronic pain from osteoarthritis 
on working memory and sleep in dogs. It was hypothesised that dogs with chronic pain 
from osteoarthritis would show reduced measures of working memory in behavioural 
tasks, as well as decreased sleep quality (assessed via owner questionnaire) and 
potentially decreased night-time rest (assessed actigraphically) compared to healthy 
control dogs. 
Because an investigation into all potential effects of chronic pain from osteoarthritis on 
cognition and behaviour of dogs would be prohibitively vast in scope, this project will 
focus on the effects of spontaneous canine osteoarthritis on working memory and sleep. 
Other aspects of canine osteoarthritis are beyond the scope of this project. 
1.7.3 Thesis structure: 
The thesis structure is as follows: Chapter 2 describes a study comparing osteoarthritic 
and healthy control dogs’ performance in two single-session tasks of working memory; 
the novel object recognition task and the holeboard task. Chapter 3 describes a study 
investigating companion animal dogs’ performance in a holeboard task with an 
increased number of trials and a disappearing object task, in order to assess whether the 
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tasks could be learned by the dogs and which task would be more suitable to compare 
working memory in dogs with and without chronic pain from osteoarthritis. Chapter 4 
describes a study comparing the performance of dogs with and without chronic pain 
from osteoarthritis in the disappearing object task of working memory, and Chapter 5 
describes a study comparing actigraphic measures of time spent resting and subjective 
owner-assessed sleep quality scores between the same groups of dogs. The thesis 
conclusion is presented in Chapter 6.  
Appendices are also provided for further information; these are grouped and numbered 
according to which chapter the information within them is most relevant to, for example 
Appendix 2 contains material that is most relevant to the study described in Chapter 2. 
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Chapter 2 Assessment of working memory in 
dogs with and without chronic pain from 
osteoarthritis using two rapid assays: The 
novel object recognition and holeboard tasks 
2.1 Abstract: 
In order to investigate whether chronic pain from osteoarthritis is associated with 
impaired working memory in dogs, the study described in this chapter attempted to 
compare the performance of dogs with and without osteoarthritis in a single-session 
task of non-spatial working memory (the novel object recognition task) and a single-
session task of spatial working memory (the holeboard task). Unexpectedly, 
osteoarthritic dogs spent proportionally more time interacting with a novel compared to 
a familiar object in comparison to healthy control dogs, suggesting that osteoarthritis 
may be associated with increased non-spatial working memory or increased neophilia. 
However, the proportions of time dogs spent interacting with either object were very 
low, suggesting that dogs had minimal interest in these objects. There were no 
significant differences in holeboard task performance between osteoarthritic and 
control dogs, however the lack of expected increases in reference and working memory 
scores suggest that neither group of dogs was able to successfully learn this task. 
2.2 Introduction: 
Chapter 1 discussed the prevalence of chronic pain from osteoarthritis in dogs and the 
cognitive impairments seen in human patients with chronic pain syndromes. Since it is 
unknown whether dogs with chronic pain also have similar cognitive impairments, the 
experimental work described in this chapter attempted to accurately differentiate dogs 
with chronic pain from osteoarthritis from healthy control dogs without chronic pain, 
and then to assess the performance of each of these groups of dogs in a task of non-
spatial working memory; the novel object recognition task, and a task of spatial working 
memory; the holeboard task. Because the tasks were to be performed by companion 
animal dogs brought to the hospital by their owners, it was also necessary to design the 
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tasks such that they could be completed within a short period during a single visit by the 
dog’s owner. 
For ease of reading, this chapter is divided into three main sections: Section 2.3 
describes the methods used to differentiate osteoarthritic and healthy control dogs, and 
to compare owners’ assessment of chronic pain in these groups using questionnaires. 
Section 2.4 describes the use of the novel object recognition task to compare non-
spatial working memory in these two groups of dogs, and Section 2.5 describes the use 
of the holeboard task to compare spatial working and reference memory in the same 
groups of dogs. The findings are then summarised in Section 2.6. 
2.3 Clinical and owner assessment of chronic pain in dogs 
with and without signs of osteoarthritis: 
2.3.1 Background: 
Prior to cognitive testing, osteoarthritis severity was assessed for each dog, to ensure 
that dogs were correctly assigned to the osteoarthritis or healthy control groups and to 
assess the effect of osteoarthritis severity on cognitive task results. Whilst the presence 
and severity of osteoarthritis in dogs is generally assessed radiographically (Morgan et 
al., 1999, Kealy et al., 2000, Rayward et al., 2004, Hurley et al., 2007) radiographic 
changes do not correlate well with assessments of limb function (Gordon et al., 2003) or 
pain (Hielm-Björkman et al., 2003) (see Section 1.3.2). Therefore it was considered that 
anaesthesia and radiography would have been unnecessarily invasive, and would also 
have required a Project License (PPL) from the Home Office (Animals (Scientific 
Procedures) Act, 1986). Instead, a verbal history was taken from the owner of any signs 
of osteoarthritis (stiffness, pain, slowing down during walks or difficulty jumping or 
climbing), and a veterinary surgeon performed a clinical orthopaedic examination using 
a standardised “clinical checklist” (See Appendix 2.1).  
Since a clinical examination only assesses osteoarthritis severity at that specific time and 
is not a validated assessment tool, a method of assessing the dogs’ pain intensity, 
demeanour, mobility and quality of life at home was also required. Several clinical 
questionnaires have been designed and validated for this purpose (relevant types of 
validity and methods of assessment are summarised in Appendix 2.2), including the 
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Liverpool Osteoarthritis in Dogs questionnaire (LOAD) (Hercock et al., 2009, Walton et 
al., 2013), the Helsinki Chronic Pain Index (HCPI) (Hielm-Björkman et al., 2003, Hielm-
Björkman et al., 2009), the Canine Brief Pain Inventory (CBPI) (Brown et al., 2007, Brown 
et al., 2008) and the ACVS Canine Orthopaedic Index (COI) (Brown, 2014a, Brown, 
2014b, Brown, 2014c). Since these questionnaires each have their own strengths and 
weaknesses and have been validated in different ways (see Table 2.1), all four were used 
in this study. This also allowed an assessment of the correlation between different 
questionnaire scores, to give further information about their criterion validity, and by 
comparing osteoarthritic to control dogs also provided a measure of construct validity 
(extreme groups comparison, see Appendix 2.2), which has not yet been assessed for 
the LOAD and COI, as shown in Table 2.1. Whilst other pain-related questionnaires have 
previously been used in dogs, including the Bristol Osteoarthritis in Dogs (BrOAD) 
questionnaire which uses visual analogue scales rather than numeric responses (Innes 
and Barr, 1998), and the Health Related Quality of Life in dogs (HRQL) questionnaire 
which focuses on effects of pain on quality of life rather than pain itself (Wiseman-Orr et 
al., 2006), these were not included in this study in order to limit the number of 
questionnaires to a more reasonable number for the owners to complete. 
Table 2.1: A description of the clinical questionnaires used in this study and their 
validation. 
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In addition to these, owners were also given the Canine Cognitive Dysfunction Rating 
(CCDR) scale questionnaire, to identify cognitive dysfunction that might affect a dog’s 
performance in the tasks (Salvin et al., 2011). This is especially important as this study 
was focused on older dogs (since osteoarthritis is an age-related condition (Van Saase et 
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al., 1989, Oliveria et al., 1995)), a population in which cognitive dysfunction is highly 
prevalent (Azkona et al., 2009).  
Owners were also given the Canine Behavioural Assessment and Research Questionnaire 
(C-BARQ) (Hsu and Serpell, 2003, Nagasawa et al., 2011), to assess whether any 
behavioural traits were more/less common in osteoarthritic dogs than in healthy 
controls. This was performed because differences between groups in certain behaviours 
might be indicative of motivational or affective state differences that might affect their 
performance in the behavioural tasks. For example, dogs with high scores in C-BARQ 
categories associated with fear or aggression might indicate increased anxiety, which 
decreases the time spent interacting with novel objects in rats (Ennaceur et al., 2005), 
dogs with increased scores for energy or excitability might show increased movement 
around the arena which may affect their interaction with objects or their movement 
between buckets, and dogs with increased scores for attachment/attention-seeking may 
be more motivated to stay near the owner rather than to explore the arena and the 
objects or buckets. 
2.3.2 Materials and Methods: 
2.3.2.1 Ethics: 
The use of animals within this study was approved by the University of Bristol Animal 
Welfare and Ethical Review Body (VIN Number: VIN/15/042), and the involvement of 
owners was approved by the University of Bristol Faculty of Health Sciences Research 
Ethics Committee. Owners were provided with an information sheet about the study 
(shown in Appendix 2.9), given the opportunity to ask any questions, and asked to sign a 
consent form (shown in Appendix 2.10) permitting their dog’s involvement. Trials were 
terminated early if the dog appeared to the researcher to be in excessive distress. This 
occurred in the case of only one dog during the test phase of the novel object 
recognition task. 
2.3.2.2 Animals: 
Sixteen privately-owned companion animal dogs (8 control, 8 osteoarthritic) were 
recruited via an advertising campaign on Facebook (https://en-gb.facebook.com) and 
internal emails to university staff members. The dogs were matched into eight control-
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osteoarthritis pairs of the same age (±1 year) with entire (un-neutered) dogs matched to 
a dog of the same sex, to reduce the effect of any sexual/hormonal differences in 
cognition or pain, as previously seen in humans (Affleck et al., 1999, Cánovas et al., 
2008). Dogs were not matched by breed due to the wide variety of breeds recruited (see 
Table 2.2). These matched pairs were used only to ensure a similar distribution of ages 
and sexes (if entire) between the two groups, and to appropriately counterbalance 
object colours and locations during the novel object recognition task (see Table 2.6) and 
configurations of baited buckets in the holeboard task (see Table 2.9). Because 
differences in breed and life experience could not adequately be controlled for, dogs 
were not paired during analyses. It was assumed that neutered dogs would not have 
sex-dependent differences in outcome measures due to their lack of sexual hormones, 
though the effect of sex on the outcome measures for the cognitive tasks was 
investigated to confirm this (see Sections 2.4 and 2.5). The demographics of each group 
are shown in Table 2.2. An additional three dogs (one eight-year-old neutered male 
healthy control, two ten-year-old entire males with osteoarthritis) were recruited and 
performed the study, but their results were not analysed as it was not subsequently 
possible to match them with a dog of the same age and neutering status from the other 
group. Participating owners were given a £10 gift card (John Lewis Partnership, London, 
UK) following completion of the study. 
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Values given are means ± 95% confidence limits. 
  
2.3.2.3 Data acquisition: 
Prior to the tasks described in Sections 2.4 and 2.5, a clinical checklist was used by a 
veterinary surgeon (MS) to perform a standardised clinical examination. This checklist 
(shown in Appendix 2.1) was adapted from that described by Harris (2017) and used to 
collect information described in Table 2.3. An anxiety checklist based on that used by 
Harris (2017) and aimed at identifying behaviours likely to be associated with anxiety 
was also included, however due to practical difficulties associated with accurate 
completion of the checklist during history taking and clinical examination, as well as 
because the novel object recognition task involved more quantitative assessments of 
anxiety-related behaviours, this checklist was not included in analyses. 
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Owners were then given the six printed questionnaires (HCPI, LOAD, CBPI, COI, CCDR 
and C-BARQ – shown in Appendix 2.3 to Appendix 2.8) and a pencil and asked to fill in 
the questionnaires whilst their dog performed the cognitive tasks. 
2.3.2.4 Data analysis: 
Data from each dog’s completed clinical checklist (see Table 2.3), as well as the group to 
which the dog was assigned, were entered into a dataset. 
Table 2.3: Contents and reasoning behind components of the clinical checklist. 
Data recorded on 
clinical examination 
form: 
Reason for recording: 
Signalment (breed, 
sex, age, neutering 
status, weight) 
To assess whether these factors have an effect on task 
outcomes and to match dogs for age. 
Time last fed 
Dogs that have eaten more recently may be less motivated 
to obtain food rewards. 
Any current 
medication, when last 
taken 
Analgesics may reduce dogs’ pain severity and may 
potentially have adverse cognitive effects. 
Any food allergies or 
intolerances 
To ensure the food rewards used are safe. 
Brief history of signs 
associated with 
arthritis 
To inform categorisation into control/osteoarthritis groups. 
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Brief description of 
any other health 
issues 
To ensure that the dog is healthy enough to participate in 
the study and rule-out any diseases that might affect their 
performance (neurological, other orthopaedic, cardiac, 
blindness). 
Routine clinical exam 






Guidelines Task Force 
Members, 2011) 
Weight is likely to be a factor in osteoarthritis severity and 
progression (Impellizeri et al., 2000, Smith et al., 2006). 
Body condition score was recorded as dogs were of 
different breeds and thus different optimal weights. 
Lameness score 
(Gordon-Evans et al., 
2013) 
A straightforward method of visually assessing dogs' ease 
of movement. This 1-5 scale was selected because each 





A subjective measure of stiffness and ease of movement to 




sites and details of any 
abnormalities 
To identify signs of osteoarthritis such as stiffness, swelling 
heat and crepitus (Hart et al., 1991, Sellam and 
Berenbaum, 2010). 
Joint Function score 
(modified from 
Impellizeri et al. 
(2000)) 
Detects the presence of a pain response on manipulation 
of a joint, which is often reported in human osteoarthritis 
(Hart et al., 1991). 
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Vet assessment of 
severity 
Subjective opinion of the examining vet after taking into 
account all of the recorded information – “none”, “mild”, 
“moderate” or “severe”. Dogs with a severity of “none” 
were assigned to the control group, all others to the 
osteoarthritic group. 
Owner assessment of 
severity 
To assess to what extent the vet’s assessment of 




Scores were processed as described on each questionnaire or in the supporting 
literature: For the HCPI, LOAD and CCDR, a single score for each was obtained by adding 
the owner scores across the questionnaire. The four component scores of the COI (see 
Table 2.1) were given by the sum of the scores within each subsection. The two 
component scores of the CBPI (see Table 2.1) were given by the mean of the scores 
within each subsection. Additionally, the owner’s rating of the dog’s quality of life (“CBPI 
QOL Score”) was recorded as it was present on the CBPI questionnaire, despite not 
being a validated part of the questionnaire itself (Brown et al., 2007). For the C-BARQ, 
question scores were entered into the C-BARQ’s official website 
(http://vetapps.vet.upenn.edu/cbarq) and a range of scores for behavioural traits were 
generated automatically, these were: Stranger-directed aggression, owner-directed 
aggression, dog-directed aggression, dog-directed fear, familiar-dog aggression, 
trainability, chasing, stranger-directed fear, non-social fear, separation-related 
problems, touch sensitivity, excitability, attachment/attention seeking and energy. Each 
of the behavioural trait scores for each dog were entered into the dataset. 
The effect of group on clinical questionnaire scores, CCDR score, C-BARQ scores and 
clinical joint function and lameness scores were analysed in SPSS using the Multivariate 
General Linear Model function. Three models were created in total: One multivariate 
model was specified with HCPI score, LOAD score, CBPI Pain Severity score, CBPI Pain 
Interference score, COI Stiffness score, COI Function score, COI Gait score, COI Quality of 
Life score and CCDR score as dependent (outcome) variables and group as a fixed factor, 
to investigate the effect of group on questionnaire scores. A second multivariate model 
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was specified containing all of the C-BARQ outcomes (stranger-directed aggression, 
owner-directed aggression, dog-directed aggression, dog-directed fear, familiar-dog 
aggression, trainability, chasing, stranger-directed fear, non-social fear, separation-
related problems, touch sensitivity, excitability, attachment/attention seeking and 
energy) as dependent variables and group as a fixed factor, to assess the effect of group 
on behavioural traits assessed by the C-BARQ. A third multivariate model was created 
with lameness score and joint function score as dependent variables and group as a 
fixed factor. 
Bonferroni-adjusted Pearson correlation coefficients were calculated to assess 
correlations between different clinical questionnaire (HCPI, CBPI, COI and LOAD) 
component scores and between clinical questionnaire scores and CCDR score. T-tests 
(for numeric signalment factors) and Fisher’s exact tests (for categorical signalment 
factors) were performed to investigate group differences in signalment factors. 
Bonferroni adjustments for multiple testing were performed for all post-hoc 
comparisons (Fisher’s Least Significant Difference) where a significant effect of a factor 
with more than two levels or an interaction between two factors was identified. SPSS 
performs these automatically by multiplying the p-value associated with each outcome 
statistic by the number of comparisons, rather than the conventional method of dividing 
the threshold for p-value significance (α) by the number of comparisons (IBM 
Corporation, 2016), therefore the p-value threshold for significance (α) remained at 
α=0.05 for these results. 
Results were reported as a test statistic, degrees of freedom (shown as a subscript) and 
a p-value. Graphs show means with error bars representing 95% confidence intervals 
and asterisks representing significant differences (α=0.05) between indicated columns, 
unless stated otherwise.  
2.3.3 Results: 
The demographic composition of each group is shown in Table 2.2, with body condition 
scores shown in Figure 2.1. There was no significant difference in sex (Fisher’s Exact 
Test, p=0.619), age (t(14)=0.202, p=0.843) or body condition score (t(14) =1.986, p=0.067) 
between groups. A significant difference in weight between groups (t(14)=2.202, p=0.045) 
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was identified, with healthy control dogs tending to be heavier than osteoarthritic dogs 
(see Table 2.2). Since only two entire dogs were recruited, neutering status was not 
included in analyses.  
 
Figure 2.1: Body condition scores of recruited dogs.  
No dogs had a body condition score that was lower than three, exactly six, or 
greater than seven. 
 
A significant (α=0.05) effect of group was found on all clinical questionnaire scores with 
the exception of CBPI QOL Score (shown in Figure 2.2 with statistical test outcomes 
summarised in Table 2.4). The range of possible scores for each clinical questionnaire 
component is shown in Table 2.1. All clinical questionnaire scores were highly correlated 
with each other, with the exception of CBPI Quality of Life Score (which despite being on 
the questionnaire is not considered a validated component of the CBPI – see Table 2.1) 
which did not correlate with any other clinical questionnaire score, as summarised in 
Table 2.5. Mean CCDR scores were not significantly different between osteoarthritic 
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(26.75±1.83) and control (26.19±1.30) dogs (see Table 2.4) and did not correlate with 
any clinical questionnaire score. All dogs had CCDR scores well below the diagnostic 
threshold (50 points) suggestive of cognitive dysfunction (Salvin et al., 2011). C-BARQ 
component scores did not significantly differ between treatment groups (α=0.05), with 
the exception of Excitability (F(1,14)=5.710, p=0.031) which was significantly lower in 
osteoarthritic dogs than in control dogs, as shown in Figure 2.3.  
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Figure 2.2: The effect of group on clinical questionnaire scores. 
Graphs show means with error bars representing 95% confidence intervals.  
(ns = not significant; α=0.05. QOL = “Quality of Life”) Asterisks denoting significance 
were omitted for clarity; significant (α=0.05) between-group differences exist unless 
indicated otherwise. Test outcome statistics for individual component scores are 
shown in Table 2.4. 
 
Table 2.4: Summary of the F-statistics and p-values (rounded to three decimal 
places) for effects of group on clinical questionnaire and CCDR scores.  
Effect of Group on: Degrees of Freedom F-Statistic p-value 
CBPI Pain Severity Score 1,14 6.308 0.025 
CBPI Pain Interference Score 1,14 9.412 0.008 
CBPI Quality of Life Score 1,14 0.2 0.662 
COI Stiffness Score 1,14 10.085 0.007 
COI Function Score 1,14 9.218 0.009 
COI Gait Score 1,14 29.346 <0.001 
COI Quality of Life Score 1,14 6.615 0.022 
HCPI Score 1,14 13.186 0.003 
LOAD Score 1,14 22.309 <0.001 
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Table 2.5: Pearson correlation coefficients and p-values between scores for clinical 
questionnaire component scores and between clinical questionnaire component 
scores and CCDR score.  
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All correlations are statistically significant (α=0.05) except for those shaded in red. 
Due to the large number of comparisons performed, a Bonferroni correction was 
applied to the threshold for significance (p=0.001111). Only the correlations of the 
COI function score with the COI QOL score and with the LOAD score became non-
significant once this correction was applied (shaded in blue), however this 
correction is highly conservative (Curtin and Schulz, 1998) and both of these 
correlations are considered strong (≥0.7) (Taylor, 1990). 
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Figure 2.3: The effect of group on C-BARQ component scores.  
Graphs show means with error bars representing 95% confidence intervals. 
Asterisks represent significant differences (α=0.05) between indicated columns. SDA 
= Stranger-Directed Aggression, ODA = Owner-Directed Aggression, DDA = Dog-
Directed Aggression, DDF = Dog-Directed Fear, FDA = Familiar Dog Aggression, SDF = 
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Stranger-Directed Fear, SRP = Separation-Related Problems, A/AS = 
Attachment/Attention-Seeking. 
 
Both the lameness score (F(1,14)=14.538, p=0.002) and joint function score (F(1,14)=28.493, 
p=0.0001) were significantly higher in osteoarthritic than control dogs, as shown in 
Figure 2.4. Summaries of owner-assigned and vet-assigned severity ratings are shown in 
Figure 2.5. No dogs were judged to have “severe” osteoarthritis by their owner or the 
vet. All owners of control dogs (vet-assigned severity = “none”) also felt their dog had no 
osteoarthritis, however, two dogs assessed by the vet as “moderate” were assessed by 
their owners as “mild”, and one dog assessed by the vet as “mild” was assessed by the 
owner as “moderate”, as shown in Figure 2.5C. Whilst a significant overall effect of vet-
assigned severity score was found for all clinical questionnaire factor scores (α=0.05), 
with the exception of CBPI QOL (F(2,13)=0.093, p=0.912), CBPI Pain Severity (F(2,13)=3.193, 
p=0.074) and COI QOL (F(2,13)=3.071, p=0.081) scores, Bonferroni-adjusted Fisher’s Least 
Significant Difference post-hoc tests found no significant differences (Bonferroni-
adjusted outcome p-values, significance threshold remained at α=0.05 (IBM 
Corporation, 2016)) between any clinical questionnaire scores of dogs classified as 
“mild” and dogs classified as “moderate” (whilst there were several significant (α=0.05) 
differences between dogs classified as “none” and those classified as “mild” or 
“moderate”, these comparisons were already considered when analysing the effect of 
group on questionnaire scores). Clinical questionnaire scores of dogs of each vet-
assigned severity category are shown in Figure 2.6.  
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Figure 2.4: The effect of group on clinical lameness and joint function scores. 
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Figure 2.5: The vet-
assigned (A) and 
owner-assigned (B) 
osteoarthritis 
severity ratings of 




between the vet and 
owner ratings are is 
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Figure 2.6: Clinical questionnaire component scores for each vet-assigned 
osteoarthritis severity score.  
Graphs show means with error bars representing 95% confidence intervals. 
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Both groups of dogs were demographically similar: There were no significant sex 
differences between groups and age matching successfully resulted in highly similar age 
distributions for both groups. Whilst control dogs had significantly higher bodyweights 
than osteoarthritic dogs, a wide range of breeds of different sizes and optimum healthy 
weights were recruited. Therefore body condition score may be a more generalisable 
indicator of whether a dog is overweight, which may increase clinical signs of 
osteoarthritis (Impellizeri et al., 2000). Body condition score did not significantly differ 
between groups and most dogs recruited had an “ideal” score (4-5) (WSAVA Nutritional 
Assessment Guidelines Task Force Members, 2011) implying they were of a healthy body 
condition. The two dogs with a BCS of 3 were a whippet-cross (osteoarthritis) and a 
greyhound (control), which naturally tend to have a lower proportion of body fat than 
most breeds (Gunn, 1978), and since the WSAVA BCS criteria are non-breed specific 
(Mawby et al., 2004) these dogs may not actually be underweight for their breed. 
All clinical questionnaire component scores (see Table 2.1 for a description of the clinical 
questionnaires used and their components) significantly differed between groups (the 
quality of life question on the CBPI is not a validated component of the questionnaire), 
with osteoarthritic dogs having higher scores than controls (see Figure 2.2). Given that 
these questionnaire results were not available to the veterinary surgeon when 
categorising the dogs into groups, the significant differences in clinical questionnaire 
scores between groups provides evidence that the veterinary surgeon had correctly 
assigned the dogs to the appropriate group. Furthermore, the difference in clinical 
questionnaire scores between groups provides further evidence of construct validity, 
and appears to be the first time that construct validity has been assessed by comparison 
of extreme groups (see Appendix 2.2 for definitions of these terms) for the LOAD and 
COI (see Table 2.1). 
Additionally, all clinical questionnaire scores were highly correlated, with almost all 
correlations remaining significant following the application of a highly conservative 
Bonferroni correction. This provides evidence of their criterion validity and supports the 
findings of Walton et al. (2013) who similarly found correlations between the LOAD 
score and the HCPI and CBPI scores. This study also found that all four COI component 
scores were correlated with all other validated clinical questionnaire component scores, 
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which is important as such evidence to support its criterion validity was previously 
lacking. Interestingly, whilst it is not part of the CBPI itself, the quality of life rating on 
the CBPI questionnaire did not correlate with any CBPI score, despite being found to 
correlate moderately well with CBPI scores during validation of the CBPI in both dogs 
with osteoarthritis (Brown et al., 2007) and bone cancer (Brown et al., 2009), nor did it 
correlate with any other clinical questionnaire score. This may have been due to 
insufficient sensitivity of a single-question to detect quality of life differences in dogs 
with only mild or moderate osteoarthritis. The validated, multi-question quality of life 
component of the COI did correlate with other clinical questionnaire scores and was 
significantly different between groups, so it is reasonable to assume that the recruited 
osteoarthritic dogs did have significant quality of life impairments compared to healthy 
controls (higher scores indicate lower quality of life (Brown, 2014b)).  
All dogs had very similar CCDR scores, at approximately half of the diagnostic threshold 
value for cognitive dysfunction (Salvin et al., 2011). This suggests that none of the dogs 
had significant age-related cognitive dysfunction. 
 
No differences in C-BARQ factor scores were found between groups, with the exception 
of excitability. This seems reasonable given that human osteoarthritis patients with 
severe pain or joint dysfunction are more likely to be inactive (Lee et al., 2013), and 
whilst these dogs are only in mild to moderate pain, this may have had some effect on 
their activity levels such that fewer of them displayed sufficient activity to be considered 
“excitable”. Furthermore, human osteoarthritis patients report substantial levels of 
fatigue (Power et al., 2008), and if dogs with osteoarthritis also experience fatigue it may 
cause them to behave less excitably. 
Joint function score and Lameness score were significantly different between groups, 
indicating that dogs with arthritis had both a significantly altered gait and significantly 
increased presence of a pain response on manipulation of the affected joint(s). Both of 
these are common signs of osteoarthritis in human patients (Hart et al., 1991, Kaufman 
et al., 2001), so a significant between-group difference in these scores provides further 
evidence suggesting the dogs were correctly assigned to groups based on the presence 
or absence of osteoarthritis. 
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There were no significant differences in clinical questionnaire scores between dogs 
assessed by the veterinary surgeon as having “mild” compared to “moderate” 
osteoarthritis, indicating that the subjectively-assessed difference between these may 
be minor and of little clinical significance. Since there were no severely affected dogs 
recruited, possibly due to owners’ reluctance to allow a dog in “severe” pain to 
participate, it may be more salient to compare all osteoarthritic dogs (the 
“osteoarthritis” group) to all dogs with a severity of “none” (the “control” group), rather 
than assessing dogs categorised as having “mild” or “moderate” osteoarthritis 
separately. Additionally, owner scores of dogs’ osteoarthritis severity were not always 
the same as those of the veterinary surgeon. This may be because the distinction 
between the subjective categories of “mild” and “moderate” is unclear, as these are 
subjective judgements which may vary between individuals. Furthermore, since these 
categories did not affect the dogs’ clinical questionnaire scores, the differences between 
them are likely to be minor and of little clinical significance. 
2.4 The Novel Object Recognition task: Comparing the non-
spatial working memory of osteoarthritic and healthy 
control dogs: 
2.4.1 Background: 
Whilst humans with chronic pain may experience non-spatial working memory deficits 
(see Section 1.4.1), it is not yet known whether this is the case in dogs. A common test 
of non-spatial working memory in laboratory rodents is the one-trial novel object 
recognition (NOR) task (Ennaceur and Delacour, 1988, Cohen and Stackman Jr, 2015). 
This consists of a sample phase where rodents are exposed to two identical objects in an 
arena, a variable delay (the “retention interval”), and a test phase where the rodent is 
reintroduced to the arena containing one novel object and one familiar object from the 
sample phase (Dere et al., 2007). The amount of time spent interacting with each object 
is measured, and a greater time spent interacting with the novel object than the familiar 
object is interpreted as evidence that the rodent has recognised the object from the 
sample phase as familiar (Ennaceur and Delacour, 1988). This task is advantageous for 
several reasons: It is based on rodents’ natural exploratory behaviour and preference for 
novel objects (and their habituation to and comparative lack of interest in familiar 
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objects) and therefore requires no training or learning of rules, thus testing the rodents’ 
working memory without involving a reference memory component (Ennaceur and 
Delacour, 1988). It does not involve positive or negative reinforcement, so animals do 
not experience the hunger or fear required for motivation to acquire food rewards or to 
avoid an aversive stimulus in other testing paradigms (Ennaceur and Delacour, 1988), 
giving greater similarity to human studies which do not generally occur in these altered 
emotional states (Ennaceur and Delacour, 1988). It is also thought to cause less stress 
than reinforced tasks (Silvers et al., 2007, Cohen and Stackman Jr, 2015), which is known 
to impair working memory (Oei et al., 2006, Qin et al., 2009), as well as being an 
important welfare concern. The NOR task is also particularly appealing for potential use 
in client-owned dogs because it can be completed very quickly in a single session 
(Antunes and Biala, 2012), making it more convenient for dogs’ owners than tasks 
requiring multiple visits to the research site. 
The novel object recognition (NOR) paradigm is widely used in rats (Sutcliffe et al., 2007, 
Karasawa et al., 2008, Broadbent et al., 2010, Gaskin et al., 2010) and mice (Hale and 
Good, 2005, Taglialatela et al., 2009). Variants of the task have also been performed in 
pigs, with Moustgaard et al. (2002) finding that laboratory pigs prefer novel objects to 
familiar objects, suggesting neophilia, and Hemsworth et al. (1996) finding that farmed 
pigs were reluctant to approach an object unless they had previously been exposed to it, 
suggesting neophobia. This discrepancy could be due to differences in outcome 
measures (durations of interaction time vs. latency to approach an object) or due to 
differences in the husbandry or biology of farmed and laboratory pigs. Presenting a 
novel object (but not a familiar object) to trout increased their opercular beat rate 
(analogous to respiratory rate), suggesting that trout are neophobic and can recognise 
familiar objects (Sneddon et al., 2003). However, latency of cattle to approach an object 
was not altered by prior exposure to the object (Hemsworth et al., 1996), possibly 
because cattle either do not readily recognise familiar objects, take longer to become 
familiar with an object than the time given, or do not display marked neophilia or 
neophobia, or because the objects used were not of particular salience to cattle. 
The novel object recognition task has not previously been used in dogs, however 
puppies shown videos of objects between 3-5 weeks of age subsequently visited the 
objects less and showed less exploratory behaviour overall than puppies that were not 
shown the videos, and showed more exploratory behaviour in response to objects that 
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were not shown in the videos than those that were (Pluijmakers et al., 2010). However 
unexposed puppies showed more fearful behaviour and postural changes in response to 
the objects than exposed puppies (Pluijmakers et al., 2010), suggesting that the 
increased attention shown to unfamiliar objects in dogs may be due to fear or anxiety 
evoked by the objects rather than a desire to explore or play with them. Nevertheless, 
dogs appear to show a differential response to familiar and unfamiliar objects, 
suggesting that the novel object recognition task is feasible to attempt in dogs. 
Therefore in this study the novel object recognition paradigm was adapted for use in 
companion-animal dogs, with the aim of investigating whether dogs with chronic pain 
from osteoarthritis experience deficits in short-term non-spatial working memory for 
objects compared to age-matched healthy controls. It was hypothesised that control 
dogs would recognise the familiar object in the test phase and thus spend less time 
interacting with it than with the novel object, whereas the dogs with chronic pain from 
osteoarthritis would have impaired non-spatial working memory for objects and thus 
would spend more equivalent amounts of time interacting with each object. 
2.4.2 Materials and Methods: 
2.4.2.1 Pilot Study: 
For an initial pilot study, a group of seven university staff-owned dogs were recruited by 
internal email for initial proof-of-concept testing, to ensure that these testing paradigms 
could be applied to dogs. The signalments of the pilot dogs are shown in Appendix 2.12 
and the pilot study novel object recognition task results are shown in Appendix 2.13. 
Each dog participated in the pilot study for both the novel object recognition and 
holeboard tasks within the same session. 
The methods for the pilot study of the novel object recognition task were the same as 
those described in Sections 2.4.2.3-2.4.2.5 for the main study comparing osteoarthritic 
and control dogs, with the following exceptions: The holeboard task pilot study 
(described in Section 2.5.2.1) was performed before the novel object recognition task 
pilot study, with a short break of approximately 10 minutes between tasks, in which the 
dog was walked outside and offered drinking water. This was also the case for dogs C1 
and T1 in the main study, but the order of tasks was subsequently reversed because C1 
(the first dog to perform the tasks in the main study) appeared to become distressed 
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when performing the novel object recognition task after the holeboard task, possibly as 
she was frustrated by the removal of food rewards that had previously been present. It 
was thought that reversing the order of tasks so that food rewards were introduced 
later during the holeboard task may have prevented or reduced this distress, so the 
order of tasks was changed for subsequent pairs of dogs. Additionally, video footage 
from the pilot study was event-logged by the thesis author (MS), whereas in the main 
study video footage was event-logged by an assistant who was blinded with respect to 
group (osteoarthritis/control), to reduce the effects of observer bias, however the pilot 
study was not aimed at detecting between-group differences (and only one pilot study 
dog was known to have osteoarthritis) and no formal statistical analyses were 
performed, so the recruitment of a blinded assistant for event-logging was not deemed 
necessary. 
The only outcome variable examined for the pilot study of the novel object recognition 
task was the investigation ratio during the test phase (the time spent investigating the 
novel object as a proportion of the total time spent investigating either object). 
Behaviours not relating to object investigation were not recorded or analysed. 
Whilst two dogs did not investigate either object at all, the remaining five dogs had 
investigation ratios greater than 0.5 (see Appendix 2.13), suggesting that they were 
neophilic and had recognised the object. Because this suggested that dogs were able to 
recognise novel objects and preferentially investigate them in the same way as 
previously observed in rats (Ennaceur and Delacour, 1988), it was decided to proceed 
with the main study to compare the investigation ratios of osteoarthritic and control 
dogs. 
2.4.2.2 Animals: 
Following the pilot study, the dogs that undertook clinical and owner assessment in 
Section 2.3 (8 per group – see Table 2.2) were then tested using the same novel object 
recognition paradigm described below. 
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The arena used for cognitive tasks is shown in Figure 2.7. Since dogs owned by members 
of the public were likely to have experienced a wide variety of objects previously, 
completely original objects were created for use in this study. Two pairs of such objects 
were created as shown in Figure 2.8: The “blue” object was constructed from a shoebox 
wrapped in a plastic polka-dot tablecloth and covered with five polka-dot cardboard 
cups attached to the surface with blue electrical tape. The “yellow” object was 
constructed from an empty 1L cordial bottle wrapped in gold wrapping paper, with 
three white polystyrene bowls threaded through the bottle structure and taped in place 
with transparent tape, likewise a polystyrene cup was attached to the tapered end of 
the bottle. Blue and yellow objects were chosen as it was thought that the dichromatic 
vision of dogs should allow these colours to be easily distinguished (Miller and Murphy, 
1995), and dogs have been shown to use colour cues preferentially to brightness cues 
when distinguishing visual stimuli (Kasparson et al., 2013). Two copies of each object 
were constructed to counterbalance which object was presented as the “novel” or 
“familiar” object between pairs, controlling for an inherent preference amongst dogs for 
one object type over the other.  
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Figure 2.7: (A): Diagram of the arena used within the novel object recognition task.  
The grey area represents the holding area in which the dog was held between trials. 
“S” and “O” represent the locations of the researcher and owner respectively. “L” 
and “R” represent the locations of the objects during the novel object recognition 
task. Yellow areas represent the areas in which the dog is in “close proximity” to the 
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nearest object. Photographs show the arena set up for the novel object sample 
phase (B) and test phase (C). 
 
 
Figure 2.8: The “blue” (left) and “yellow” (right, with blue objects in background) 
pairs of objects constructed for this study. 
 
2.4.2.4 Procedure: 
Each age-matched control-osteoarthritis pair of dogs was assigned an initial object pair 
(blue/yellow) for the sample phase (in which a pair of identical sample objects were 
presented), and a side of the arena in which the object was to be switched in the test 
phase (left/right), based on a counterbalancing table; shown in Table 2.6. 
Table 2.6: Counterbalancing table used for assigning each pair of dogs a sample 
phase object pair colour and novel object location. 
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“Test subject” dogs were those assigned to the osteoarthritis group. The three dogs 
that were excluded from the study due to lack of an appropriate matched dog (T4, 
C9 and T11) are shown in grey. 
 
Following clinical examination, the appropriate pair of objects for the sample phase (see 
Table 2.6) was placed in the arena at the locations shown in Figure 2.7. The researcher 
and owner(s) sat quietly in the holding area without communicating with the dog, at the 
locations shown in Figure 2.7. The dog was then allowed to enter the arena containing 
the object pair and was video recorded for 5 minutes during the sample phase. The dog 
was then removed from the arena and the objects stored in an opaque closet. The dog 
then spent 10 minutes in the holding area, in which they were able to interact with the 
owner and researcher, and drinking water and bedding was provided. After 10 minutes, 
the objects were replaced within the arena, with one of the objects replaced with one 
from the other item pair (the “novel object”). The object that was replaced (left/right) 
for each pair of dogs is shown in Table 2.6. The dog was allowed to return to the arena 
and was video recorded for 5 minutes during the test phase, before being allowed to 
leave the arena and reunite with their owner in the holding area. 
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2.4.2.5 Recording and data analysis: 
Video footage was recorded using a Canon Legria HF R206 camcorder mounted onto the 
wall of the holding area (see Figure 2.7). Footage was analysed using Behavioural 
Observation Research Interactive Software (BORIS) (Friard and Gamba, 2016) according 
to an ethogram shown in Appendix 2.11. The list of behaviours included in the ethogram 
is shown in Table 2.7. The time spent interacting with each object in each trial of the 
novel object paradigm was calculated as the sum of the time spent pawing, nosing, 
mouthing or in “other contact” with the object. 










behaviours: Other behaviours: 
Sniff/nose right object, 
 Sniff/nose left object, 
 Close proximity to right 
object, 
 Close proximity to left 
object,  
Paw left object,  
Paw right object,  
Mouth left object,  
Mouth right object,  
Other contact with left 
object, 
 Other contact with right 
object 




 Trot or run, 
 Squatting, 
 Beg, 




















 Look out of 
window,  
Interact with fence,  
Look through fence, 
Panting 
 
The ethogram used is shown in full in Appendix 2.11 including behaviour types 
(point/state), descriptions and end-states. Due to its length and complexity it has 
been omitted from this chapter. 
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The time spent in close proximity to each object (as described in Appendix 2.11), as well 
as the durations (for state behaviours) and frequencies (for point behaviours) of other 
behaviours performed by the dog during the task (listed in Table 2.7 and described in 
Appendix 2.11), were also recorded. Behaviours were recorded to assess whether there 
were differences in ambulation between groups, which may affect exploration of 
objects, as well as to record anxiety-related behaviours, as dogs may display behavioural 
signs of fear and anxiety when presented with novel objects (Pluijmakers et al., 2010) 
and there is some evidence that anxiety may adversely affect cognitive performance in 
humans (Chapell et al., 2005, Wood, 2006). Because observer bias can be induced by 
provision of information about the animals and hypothesis under examination and this 
can affect the frequency of behaviours recorded by the observer (Tuyttens et al., 2014), 
video analysis in BORIS was performed by another researcher who was blinded with 
respect to group (control/osteoarthritis) and provided with no information about the 
dogs’ signalments, using an ethogram devised by MS (see Appendix 2.11). All other 
aspects of analysis were performed by MS.  
The raw data were exported to Microsoft Excel and the outcome measures for each task 
calculated (by MS) as shown in Table 2.8. Dog C1 was removed from the arena during 
the test phase after 180s as she showed signs of distress, therefore the results for C1 
were divided by 0.6 so that the durations and frequencies of behaviours performed 
would be proportionally equivalent to those recorded for dogs that had spent the full 
300s in the arena. 
 Categories were created for weight (12-15kg (n=4); 15-20kg (n=5), 20-30kg (n=4), 30-
40kg (n=3)) and age (6-7 years (n=9) and 8-10 years (n=7)) so that the sample size in 
each category was large enough for analyses to be performed in order to assess their 
effect on outcome measures. Data were analysed using the “General Linear Model – 
Repeated Measures” function in IBM SPSS, and comparisons between observed results 
and those expected by chance were calculated using one-sample t-tests. 
As previously, Bonferroni adjustments to Fisher’s Least Significant Difference post-hoc 
tests were calculated automatically in SPSS by multiplying the p-value associated with 
each outcome statistic by the number of comparisons, and not by dividing the threshold 
for p-value significance by the number of comparisons (IBM Corporation, 2016), 
therefore the p-value threshold for significance is still given as α=0.05 for these results. 
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Table 2.8: Summary of the outcome measures calculated for the novel object 
recognition task. 
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Results are reported as a test statistic, degrees of freedom (shown as a subscript) and p-
value. Graphs show means with error bars representing 95% confidence intervals. 
Letters above bars represent no significant difference (α=0.05) between bars sharing the 
same letter. Letters are omitted where no significant differences are present between 
any factors.  
Results from the pilot dogs are shown in Appendix 2.13. Since the IR (see Table 2.8 for 
definition) of all pilot dogs that interacted with any objects during the test phase was 
above that expected by chance (50%), implying all of the dogs were neophilic, the task 
was performed using the age-matched pairs of osteoarthritic and healthy control dogs 
(See Table 2.2). 
There was no significant (α=0.05) effect of sex or bodyweight on any of the measures 
listed in Table 2.8, and no significant interaction with phase for any of these measures. A 
significant age*phase interaction was found for IR (F(1,11)=7.217, p=0.0212) with older (8-
10 year-old) dogs preferentially investigating the novel object compared to the familiar 
object in the test phase, but not the object in the same location as the future novel 
object compared to the object in the same location as the future familiar object in the 
sample phase (Mean difference =0.438 ±0.247, Bonferroni-adjusted p=0.0246), as 
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Figure 2.9: The effect of age on Investigation Ratio (IR - the time spent investigating 
the novel object or object in its future position as a proportion of the total time 
spent investigating either object) in each phase of the novel object recognition task. 
Graphs show means with error bars representing 95% confidence intervals. The 
dotted line represents an IR of 50%, the value expected by chance. 
 
Whilst no significant differences were found in any of the measures summarised in Table 
2.8 between dogs that had the novel object located on the right compared to the left 
side of the arena, a significant difference for PLR (see Table 2.8) was detected between 
dogs that were assigned a yellow familiar and blue novel object than dogs assigned a 
blue familiar object and yellow novel object, as shown in Figure 2.10. PLR (proportion of 
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time spent exploring the left object compared to the right object) was significantly 
higher for dogs that were assigned a yellow sample object and a blue novel object than 
those that were assigned a blue sample object and yellow novel object (F(1,9)=5.539, 
p=0.043), as shown in Figure 2.10A. There was no significant phase by sample object 
colour interaction. Whilst a greater proportion of the dogs that were assigned a yellow 
sample object had the novel object presented on the left than the right, and a greater 
proportion of the dogs that were assigned a blue sample object had the novel object 
presented on the left as shown in Figure 2.10B (due to incomplete counterbalancing as a 
result of three unmatched dogs which were removed from the dataset following task 
performance), this difference was not statistically significant (Fisher’s Exact test, 
p=0.608). 
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Figure 2.10: (A) The Proximity Laterality Ratios (PLR - the time spent in close 
proximity to the left object as a proportion of the total time spent in close proximity 
to either object) for each phase of the novel object task for dogs that were assigned 
each colour of sample object (initial identical object pairs). (B) The numbers of dogs 
assigned each sample object which then had the novel object (of the alternative 
colour) placed in the right or left position (see Figure 2.7) during the test phase. 
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Graph (A) shows means with error bars representing 95% confidence intervals. 
Asterisks represent significant differences (α=0.05) overall between dogs assigned 
one type of sample object and dogs assigned the other. 
 
A significant group by phase interaction was found on Investigation Ratio (IR – the 
proportion of the total time spent interacting with the objects that was spent interacting 
with the novel object (test phase) or object in the same location as the future novel 
object (sample phase)) (F(1,11)=9.729, p=0.00977), as shown in Figure 2.11. Bonferroni-
adjusted Fisher’s Least Significant Difference post-hoc tests revealed that osteoarthritic 
dogs, but not control dogs, had a higher IR in the test phase than the sample phase 
(mean difference ± 95% CI (confidence interval) =0.483±0.203, Bonferroni-corrected 
p=0.0003). Osteoarthritic dogs also had a significantly higher IR during the test phase 
than control dogs (mean difference =0.357±0.279, p=0.017). The IR of the osteoarthritic 
dogs during the test phase was significantly higher than that expected by chance 
(t(5)=6.601, p=0.000581) but the IRs of the osteoarthritic dogs during the sample phase 
and of the control dogs during either phase did not significantly differ from that 
expected by chance (α=0.05). 
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Figure 2.11: The effect of group and phase on investigation ratio (IR - the time spent 
investigating the novel object or object in its future position as a proportion of the 
total time spent investigating either object).  
Graphs show means with error bars representing 95% confidence intervals. The 
dotted line represents an IR of 50%, the value expected by chance.  
 
A significant group by phase interaction was found on Proximity Ratio (PR – the 
proportion of the total time spent in close proximity to the objects that was spent in 
close proximity to the novel object (test phase) or object in the same location as the 
future novel object (sample phase)) (F(1,11)=6.179, p=0.0303), as shown in Figure 2.12. 
Whilst osteoarthritic dogs had a higher PR on the test phase than the sample phase and 
control dogs had a lower PR on the test phase than the sample phase, this difference 
was not statistically significant for osteoarthritic (mean difference ± 95% CI 
=0.175±0.232, Bonferroni-adjusted p=0.125) or control dogs (mean difference ± 95% CI 
=0.210±0.250, Bonferroni-adjusted p=0.091). No significant differences were detected 
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between groups at either phase (α=0.05). The PR of neither group significantly differed 
from that expected by chance (50%) at either phase (α=0.05). 
 
Figure 2.12: The effect of group and phase on Proximity Ratio (PR - the time spent in 
close proximity to the novel object or object in its future position as a proportion of 
the total time spent in close proximity to either object). 
Graphs show means with error bars representing 95% confidence intervals. The 
dotted line represents a PR of 50%, the value expected by chance. Whilst a 
significant group by phase interaction was found on PR, there were no significant 
(α=0.05) differences between phases for either group or between groups for either 
phase. 
 
No significant differences were found between groups for investigation laterality ratio 
(ILR) (F(1,11)=0.046, p=0.835), proximity laterality ratio (PLR) (F(1,11)=0.489, p=0.499), or 
the time spent interacting with (F(1,11)=0.891 p=0.365) or in close proximity to 
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(F(1,11)=0.633, p=0.433) the objects, as shown in Figure 2.13. No significant effects of or 
interactions with phase were detected.  
No significant differences were found between the proportions of osteoarthritic and 
control dogs that first visited the object in the same location in which the novel object 
would be placed during the test phase and those that first visited the object in the 
alternative location (Fisher’s exact test, p=0.619), as shown in Figure 2.14A. All dogs 
explored at least one object during the sample phase. No significant differences were 
found between the proportions of osteoarthritic and control dogs that first explored the 
familiar object, novel object or explored neither object during the test phase (Fisher’s 
exact test, p=0.429), as shown in Figure 2.14B. 
 
Figure 2.13: (A) Investigation Laterality Ratio (the time spent investigating the left 
object as a proportion of the total time spent investigating either object), (B), 
Proximity Laterality Ratio (the time spent in close proximity to the left object as a 
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proportion of the total time spent in close proximity to either object), (C) Proportion 
of time spent interacting with either object and (D) Proportion of total time spent in 
proximity to either object for each group during each phase.  
Graphs show means with error bars representing 95% confidence intervals. Time is 
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Figure 2.14: The numbers of dogs which first visited each object during (A) the 
sample phase and (B) the test phase. 
 
A significant effect of group was found on the time dogs spent with their ears back 
during the novel object recognition task (F(1,14)=4.905, p=0.044) as shown in Figure 2.15, 
with osteoarthritic dogs spending significantly more time with their ears held back than 
control dogs in both phases of the task. None of the other behaviours analysed (see 
Table 2.7) showed a significant (α=0.05) difference between groups.  
Dogs spent significantly more time looking through the fence (F(1,14)=8.321, p=0.012) and 
lying down (F(1,14)=4.658, p=0.049), and less time walking (F(1,14)=16.231, p=0.001), during 
the test phase compared to the sample phase, as shown in Figure 2.16. This effect did 
not significantly interact with that of group, nor was any significant effect of group 
detected on these behaviours. No other behaviours analysed (see Table 2.7) showed a 
significant (α=0.05) difference between phases.  
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Figure 2.15: The durations of time that control and osteoarthritic dogs spent with 
their ears held back during the sample and test phases. 
Graphs show means with error bars representing 95% confidence intervals. 
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Figure 2.16: The 
durations of 
time dogs spent 
(A) looking 
through the 
arena fence, (B) 
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Contrary to our hypothesis, osteoarthritic dogs showed a significantly higher mean IR 
during the test phase than they had during the sample phase, and than control dogs had 
during either phase (see Figure 2.11). The IR of osteoarthritic dogs during the test phase 
was also significantly higher than expected by chance. Conversely, the healthy control 
dogs showed no difference in IR between phases, and neither phase had an IR that was 
different from that expected by chance. This implies that the osteoarthritic dogs were 
either able to recognise the familiar object and the control group were not, or that the 
osteoarthritic dogs were neophilic whereas the control dogs were ambivalent about 
novelty. This challenges the hypothesis that osteoarthritic dogs would have impaired 
non-spatial working memory compared to control dogs and thus would recognise the 
familiar object less well: If this hypothesis was true the control dogs would have been 
expected to have recognised the object well and thus had a higher IR during the test 
phase than chance, and the osteoarthritic dogs that did not recognise the familiar object 
as well would have a lower IR than the control dogs, and one more similar to that 
expected by chance. 
It is possible that non-spatial working memory for the familiar object was enhanced in 
osteoarthritic compared to control dogs. One potential cause of this is mild acute stress; 
the osteoarthritic dogs spent more time with their ears held back compared to control 
dogs, which is thought to be a sign of anxiety (Schilder and van der Borg, 2004), 
indicating that the osteoarthritic dogs were likely to have experienced higher levels of 
stress during the task. Whilst prolonged or intense stress may cause impaired 
performance on cognitive tasks, milder acute stress can improve performance (Yerkes 
and Dodson, 1908, Hebb, 1955, Mendl, 1999). This is supported by findings that 
increased anxiety/arousal in rats via forced swimming improves working memory 
performance on a T-maze task (Yuen et al., 2009), and that increased anxiety/arousal in 
humans via telling an emotive story involving a medical emergency compared to a 
similar but non-emotive story (Cahill et al., 1994) or by increasing participants’ muscle 
tension (Nielson and Jensen, 1994) improved recall. This improvement was prevented by 
administration of adrenergic antagonists (Cahill et al., 1994, Nielson and Jensen, 1994), 
suggesting the stress-mediated increase in catecholamines (Peter et al., 1997) was 
responsible for improved performance. Induction of stress-like states via acute 
corticosteroid or low-dose ACTH (causes corticosteroid secretion) administration also 
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enhances learning in rats (Gold and Van Buskirk, 1976, Roozendaal and McGaugh, 1996), 
whereas prolonged corticosteroid (Bodnoff et al., 1995) or higher-dose ACTH 
administration (Gold and Van Buskirk, 1976) impaired performance. In this study, the 
osteoarthritic dogs held their ears back more than the control group during the sample 
phase, implying that they were experiencing more anxiety compared to the control 
dogs, however none of the osteoarthritic dogs were prematurely removed from the 
arena for displaying signs of intense distress. Therefore, it is possible that the 
osteoarthritic dogs were experiencing sufficient anxiety to improve their memory of the 
familiar object but not high enough levels of anxiety to decrease their memory, whereas 
the control dogs were experiencing less anxiety and so did not show improved memory 
for the familiar object. 
Acute stress also reduces the perceived intensity of pain (Butler and Finn, 2009), so the 
acute stress experienced by the osteoarthritic dogs may have reduced the detrimental 
effects of pain on learning: Vachon-Presseau et al. (2013) found that acutely painful 
thermal stimuli caused an increase in blood cortisol levels, and individuals with stronger 
cortisol responses reported less pain unpleasantness in response to the thermal stimuli 
(Vachon-Presseau et al., 2013). Acute analgesia might reduce the amount of neural 
processing used for pain, allowing more of it to be devoted to problem solving (Apkarian 
et al., 2004a). Therefore osteoarthritic dogs may not have experienced the predicted 
non-spatial working memory impairment because of acute stress-induced analgesia, 
preventing pain from distracting them during the task. However, chronic pain-associated 
attention deficits persist after acute analgesia in humans (Dick and Rashiq, 2007), so 
stress-induced analgesia may not improve chronic pain-associated cognitive deficits, and 
whilst this phenomenon could explain why the osteoarthritic dogs did not display the 
predicted pain-related decrease in non-spatial working memory, it would not explain 
why the control dogs failed to recognise the familiar object or show a preference for the 
novel object and the osteoarthritic dogs did not. 
It may be that osteoarthritic dogs did not recognise the familiar object better than 
control dogs, but that they were more neophilic whereas control dogs were more 
ambivalent about novelty. Exposure to novelty has been shown to cause analgesia in 
rats (Netto et al., 1987, Rochford and Dawes, 1993, Torres et al., 2001). The mechanisms 
involved in this process are not fully understood but appear to indirectly involve 
opioidergic mechanisms: Control rats no-longer experienced novelty-induced 
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hypoalgesia following exposure and habituation to a previously-novel object, however 
rats treated with naloxone (an opioidergic antagonist) continued to experience novelty-
induced hypoalgesia following exposure to the object (Rochford and Dawes, 1993). 
However because morphine tolerance did not inhibit novelty-induced hypoalgesia in 
either control or naloxone-treated rats, the involvement of opioidergic mechanisms is 
likely to be indirect (Rochford and Dawes, 1993). It is possible that osteoarthritic dogs 
showed a preference for the novel object due to experiencing novelty-induced analgesia 
in its presence and not in the presence of the familiar object (to which they had already 
habituated), and that this preference did not occur in control dogs since they were not 
experiencing pain. It is also feasible that if osteoarthritic dogs were walked less often, 
for less time or in less varied environments than control dogs (perhaps due to owner 
concerns regarding poorer mobility or increased pain or stiffness after exercise), they 
may have had less exposure to novelty in their daily lives than the control dogs, which 
may have caused them to value novelty more highly.  
Despite the statistically significant differences between the IRs of the osteoarthritic 
group in the test phase compared to the sample phase, and between the IR of the 
osteoarthritic dogs during the test phase and that expected by chance, the proportions 
of the total time in each phase that dogs of either group spent interacting with either 
object were extremely low (see Figure 2.13). This suggests that dogs were not 
particularly motivated to explore either object, possibly because the objects were not 
particularly salient to dogs, because the arena itself was novel (especially in the sample 
phase) and the dogs therefore explored the arena rather than the objects, or because 
the dogs were more motivated to leave the arena and reunite with their owner than to 
explore the objects. On average, dogs spent more than half of the total time in both 
phases looking through the fence towards the holding area (see Figure 2.16), which 
supports this hypothesis, but they also spent far greater amounts of time walking 
around the arena than they did interacting with the objects in either phase, suggesting 
that they may also have been more motivated to explore the arena than the objects. 
The very low amounts of time spent investigating the objects could adversely affect the 
reliability of these results: Because the start and stop times for each state behaviour 
were input manually by an observer watching the videos, any variability in the delays 
between observing a behaviour start or finish and pressing the relevant key would have 
more of an effect on the results if the animal performed the behaviour for a short 
amount of time than for a longer amount of time, therefore there may be greater 
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human error in these recordings based on the observer’s reaction time than would be 
expected. Because the observer was blinded with respect to group and signalment 
factors, this effect should be random and should not have introduced any bias relating 
to these factors, but it still could have adversely affected the accuracy of recordings. 
Furthermore, dogs’ interactions with these objects may not be representative of 
interactions with novel objects that are salient to dogs and which they are more 
motivated to spend time interacting with. It also may be the case that if dogs had spent 
more time investigating objects during the sample phase they would be more likely to 
recall that object type in the test phase. The mean proportion of time spent interacting 
with the objects in the sample phase was slightly higher for osteoarthritic dogs than 
control dogs (though this effect was not statistically significant), which may partially 
explain why osteoarthritic dogs were able to better recognise the familiar object in the 
test phase than control dogs. The time spent interacting with objects could potentially 
be improved by performing a pilot study exposing dogs to a range of bespoke objects (to 
prevent accidental use of an object with which a dog is already familiar) and selecting 
two objects which dogs spent similar and high amounts of time interacting with for use 
in the task. Performing the experiment in the owner’s home with the owner present 
may also encourage the dog to explore the objects rather than seeking the owner. 
However, it may be worthwhile investigating alternative tests of working memory that 
dogs are likely to be more motivated to participate in, such as those involving the use of 
food rewards. 
Osteoarthritic dogs spent far more of the task with their ears held back than control 
dogs, implying that the osteoarthritic dogs found the experience more anxiety-inducing 
or stressful (Schilder and van der Borg, 2004). In human patients, chronic pain and 
anxiety disorders commonly occur together (Kroenke et al., 2013), with chronic pain 
patients having almost double the prevalence of anxiety disorders compared to the 
general population (McWilliams et al., 2003), so it is possible that dogs with chronic pain 
from osteoarthritis also have increased anxiety. Since footage was only taken during the 
task, it is not possible to determine whether these dogs were chronically anxious or 
whether they became acutely anxious during the task. However, the C-BARQ component 
scores of osteoarthritic dogs did not significantly differ from those of control dogs in 
factors that would be expected to relate to anxiety (such as fear or aggression), and if 
the osteoarthritic dogs were experiencing chronically elevated anxiety it might be 
expected that these would be higher than for control dogs. Whilst there is insufficient 
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information to suggest that osteoarthritic dogs were chronically anxious, the difference 
in ear position between groups suggests that osteoarthritic dogs at least showed signs of 
increased anxiety during the task itself. 
Time spent walking was significantly higher during the sample phase than the test phase 
(for both groups of dogs considered together), whereas time spent lying down and time 
spent looking through the fence were significantly higher during the test phase. This 
may be because the environment itself would have been more novel during the sample 
phase and thus the dogs spent more time exploring it than during the test phase, when 
it was more familiar, during which time the dog spent more time looking through the 
fence at the owner and researcher and lying down resting. Many novel object 
recognition studies in rodents have a familiarisation phase to allow the animals to 
investigate the environment and become familiar with it prior to the introduction of 
objects (Dere et al., 2007, Antunes and Biala, 2012). In this study it was originally 
intended that the holeboard task, described in Section 2.5, would be performed prior to 
the novel object recognition task and act as a familiarisation phase, to reduce the time 
required to perform the tasks and encourage more owners to visit and participate. 
However, as the first dog tested became distressed during the test phase and had to be 
prematurely removed from the arena, possibly because of frustration associated with 
the absence of food rewards present in the holeboard task, all other pairs of dogs 
participated in the novel object recognition task before the holeboard task, which made 
the arena unfamiliar to the dogs during the novel object recognition task. 
Older dogs (and not younger dogs) had a higher IR in the test phase than the sample 
phase. However, the IR during the test phase was similar for both older and younger 
dogs, with the difference being that older dogs spent less time investigating the object 
located in the future novel object location during the sample phase than younger dogs. 
It is possible that older dogs investigated the novel object more during the test phase 
than they did during the sample phase because the location was more novel to them, 
since they had not investigated that location as much during the sample phase. Burke et 
al. (2010) found that aged rats showed decreased novel object preference compared to 
younger adult rats, but further testing (presenting the rats with two novel objects or two 
familiar objects during a modified test phase) showed that older rats behaved as if the 
novel object was familiar, rather than behaving as if the familiar object was novel (Burke 
et al., 2010). It was not possible to assess this using our protocol, but both younger and 
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older dogs showed a tendency to interact more with the novel object than the familiar 
object during the test phase, as both age-groups had a mean IR of over 50% (though the 
younger dogs also interacted with the object in the same location in a similar way during 
the sample phase), implying that older dogs showed a preference for the novel object in 
the test phase. However because the younger dogs already displayed a preference for 
the object in the same location as the future novel object during the sample phase, it 
may be that the younger dogs tested had an inherent tendency to prefer that location in 
the arena, so it cannot be confirmed that they displayed a preference for the novel 
object. However, all dogs were 6-10 years old, and age matching between the two 
groups was very successful, therefore age was very unlikely to have had an effect on the 
comparisons between osteoarthritic and control dogs. 
PLR (tendency to explore the left object over the right object) was higher for dogs 
assigned a yellow sample object and blue novel object compared to those assigned a 
blue sample object and yellow novel object. This may be due to the fact that dogs 
assigned a yellow sample object were more likely to have the novel object presented on 
the left side, so at least during the test phase were more likely to approach this side. 
This occurred despite counterbalancing attempts because three dogs that performed 
the study and were included in the counterbalancing table could not be matched and so 
were later excluded, therefore certain object type-location combinations occurred more 
frequently than others. Since both dogs in each control-osteoarthritis pair had the same 
colour of sample object and side of novel object presentation, this should not have 
affected any comparison between osteoarthritic and control dogs. 
2.5 The Holeboard task: Comparing the spatial working 
memory of osteoarthritic and healthy control dogs: 
2.5.1 Background: 
Although there are fewer studies examining spatial working memory compared to non-
spatial working memory in human chronic pain patients (Berryman et al., 2013), it 
appears that chronic pain may impair spatial working memory in humans (Antepohl et 
al., 2003, Luerding et al., 2008), as described in Section 1.4. Whilst spatial working 
memory tasks such as the radial arm maze (Macpherson and Roberts, 2010, Craig et al., 
2012) and delayed non-matching to position tasks (Adams et al., 2000, Tapp et al., 2003, 
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Zanghi et al., 2015) have previously been performed in dogs (as described in Section 
1.5), dogs’ performance in the radial arm maze was described as “surprisingly low” 
(Macpherson and Roberts, 2010), and all of these tasks required several weeks of 
habituation and/or training (Adams et al., 2000, Tapp et al., 2003, Craig et al., 2012, 
Zanghi et al., 2015), which would not be ideal for use in dogs owned by members of the 
public due to the practical difficulties associated with requiring owners to bring the dogs 
to the testing facility on a daily basis for prolonged periods of time. 
A test of spatial working memory that does not require extensive training and relies on 
natural exploratory and appetitive behaviours is the holeboard task, which is well 
established in rodents (Van der Staay et al., 1989, Van der Staay et al., 1990, van der 
Staay, 1999, Kuc et al., 2006, Arndt et al., 2009). This task consists of a small enclosed 
open field with several (usually sixteen) holes placed in the floor. Within each hole a 
small amount of food is placed below a mesh screen to prevent olfactory discrimination, 
and one quarter of the holes, randomly selected, are additionally baited with food 
accessible to the animal (van der Staay et al., 2012). A typical setup for this experiment 
in rodents is shown in Figure 2.17.  
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Figure 2.17: A typical holeboard setup used in rodent studies, showing 
baited and unbaited holes. (Modified from van der Staay et al. (2012)). 
 
 
After several training trials, the animal is re-released into the same testing arena for a 
specified duration, and the holes it enters with its head are recorded (van der Staay, 
1999). From this, it is possible to obtain a measure of spatial working memory (the 
animal’s ability to remember short-term spatial information pertaining to the current 
trial (Dudchenko, 2004, Berryman et al., 2013), in this case which baited holes it has 
already visited this trial) calculated by the number of head-dips into previously 
unentered baited holes as a ratio of the total number of head-dips into baited (‘correct’) 
holes (van der Staay et al., 2012). Additionally, a measure of spatial reference memory 
(the animal’s ability to remember the pattern of baited holes between trials) can be 
calculated by expressing the number of head-dips into baited (‘correct’) holes (even if 
previously entered on that trial) as a ratio of the total number of head-dips into holes 
(van der Staay et al., 2012). Spatial working memory and spatial reference memory are 
not thought to be highly correlated, with different rat strains performing better for one 
construct than the other (van der Staay, 1999), and unlike working memory, there do 
not appear to have been many studies specifically assessing the effect of pain on 
reference memory (see Section 1.4), so whilst it is predicted that spatial working 
memory would be impaired in osteoarthritic dogs on this task in comparison to healthy 
controls, it is currently not possible to predict whether reference memory will also be 
impaired. However, in a human virtual reality task inspired by the holeboard task it was 
found that fibromyalgia patients made more reference memory errors than healthy 
control participants (Cánovas et al., 2009) (the display revealed previously-visited 
locations to participants during the task so it was not possible to assess working 
memory), therefore it is possible that chronic pain may also decrease spatial reference 
memory scores in the holeboard task in dogs. 
Whilst this paradigm does not appear to have been previously studied in dogs, it has 
been adapted for use in humans (Cánovas et al., 2008, Cánovas et al., 2009), cats 
(Steigerwald et al., 1999, McCune et al., 2008), gerbils (Wappler et al., 2009), tree 
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shrews (Keuker et al., 2004), chickens (Nordquist et al., 2011) and goldfish (Durán et al., 
2010), and has recently been used in several studies in pigs (Arts et al., 2009, Gieling et 
al., 2012, Bolhuis et al., 2013, Haagensen et al., 2013a, Haagensen et al., 2013b, 
Antonides et al., 2015): In one study, an individual pig was placed in an arena 8m*7.6m 
with sixteen buckets screwed into the arena floor, each bucket having a lower meshed 
compartment containing chocolate raisins and an upper accessible compartment which 
could be baited also (Arts et al., 2009). Pigs were given several familiarisation sessions 
before testing began. They were then placed individually in the testing arena with four 
specific buckets baited for 25 trials, before switching to a different configuration of 
baited buckets for 13 trials, subjected to an experimental treatment and switching to a 
third configuration of baited buckets for 13 trials to compare learning and spatial 
reference and working memory before and after the experimental treatment (Arts et al., 
2009). Video footage of the pigs’ performance was analysed and their working memory 
and reference memory scores assessed as for rats in each of the three periods (Arts et 
al., 2009, van der Staay et al., 2012). It has been found that an enriched home 
environment improves working memory but not reference memory in pigs (Bolhuis et 
al., 2013), and that diets rich in fats and sucrose impaired both working and reference 
memory (Haagensen et al., 2013b), therefore the holeboard test shows sufficient 
sensitivity to detect between-group differences in working and reference memory in 
pigs. Because of the broadly similar size of dogs and pigs, this scaled-up method is 
feasible to attempt in dogs, however chocolate raisins must be replaced with a suitable 
reward due to their toxicity (Crnic´ et al., 2015). 
2.5.2 Materials and Methods: 
2.5.2.1 Pilot Study: 
The same dogs described in Section 2.4.2.1 also participated in the pilot study for the 
holeboard task. The signalments of these dogs are given in Appendix 2.12 and the pilot 
study holeboard task results are shown in Appendix 2.14. 
The methods for the holeboard task pilot study were as described in the methods for 
the main study (see Sections 2.5.2.3-2.5.2.5), with the following differences: As 
described in Section 2.4.2.1, the holeboard task was performed before the novel object 
recognition task during the pilot study, and event-logging of video files was performed 
by the thesis author (MS) rather than a blinded assistant, in order to develop a rapid and 
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simple key-binding system for recording bucket visits whilst watching the video footage 
that could then be used by an assistant with no prior experience using BORIS.  
Additionally, during the pilot study dogs were not removed from the holding arena 
during rebaiting as described in Section 2.5.2.4, but instead the researcher (MS) visited 
all buckets, tapping a food reward against the inside of unbaited buckets and placing a 
reward inside baited buckets, such that the dog within the holding area could not detect 
which buckets had been baited and which had not. Dogs that participated in the main 
study (with the exception of C1 and T1, where the task procedure was as described in 
the pilot study) were removed from the holding area into the adjacent corridor during 
rebaiting of buckets in the holeboard task, as it was thought that observing the 
researcher tapping or placing a food reward in every bucket might cause the dog to 
perceive that all buckets were baited and as such not learn the pattern of baited 
buckets. Additionally, in the main study it was possible for the owners to lead the dogs 
into the adjacent corridor, whereas in the pilot study owners were not present to 
remove dogs from the holding area during rebaiting. 
Outcome measures recorded for the holeboard task pilot study were reference memory 
score, working memory score (for baited buckets), and total time taken to find all food 
rewards, as shown in Table 2.10. Formal analyses were not performed due to small 
sample sizes and large confidence intervals, but because there appeared to be a visually 
discernible trend for reference memory score to increase and time taken to find all 
rewards to decrease with subsequent sessions, as shown in Appendix 2.14, this was 
considered a promising indicator that dogs may be able to learn the holeboard task. 
Therefore it was decided to proceed with the holeboard task using age-matched control-
osteoarthritis pairs of dogs. 
2.5.2.2 Animals: 
Animals that underwent clinical assessment in Section 2.3 (see Table 2.2) and 
participated in the novel object recognition task described in Section 2.4 also 
participated in the task described in this section. All dogs shown in Table 2.6, with the 
exception of C1 and T1, participated in the holeboard task after a 10-minute break and 
walk outside following the novel object recognition task. Dogs C1 and T1 participated in 
the holeboard task first, and had a 10-minute break before participating in the novel 
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object recognition task. As C1, the first dog to be tested, became distressed during the 
test phase of the novel object recognition task, possibly as she could no-longer obtain 
the food rewards she had obtained during the holeboard task, the order of tasks was 
reversed for all subsequent pairs of dogs tested. 
2.5.2.3 Apparatus: 
The same arena was used for testing as in the novel object recognition task, which was 
set up as shown in Figure 2.18. Bucket containers were constructed as shown in Figure 
2.19. Treats (food rewards) used were individual pieces of Hill’s Vet Essentials Adult 
Medium Dog kibble (Hill’s Pet Nutrition Inc., Topeka, Kansas, USA). 
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Figure 2.18: Diagram (A) and photograph (B) showing the arena setup for the 
holeboard task.  
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(A) The grey area represents the holding area in which the dog is held between 
trials. “S” and “O” represent the locations of the researcher and owner respectively. 
Coordinates marked with green crosses represent locations of buckets in the 
holeboard task, which were spaced 75cm apart and 75cm from the wall or fence. 
 
 
Figure 2.19: Buckets used for the holeboard task. 
(Left): Photograph of “bucket” container for the holeboard task, comprised of 5L 
plant pot (17.6*23cm) with perforated base, inside 5L bucket (20*21cm), held 
together by clamps over the pot rim and bucket handle. (Right): Cross-sectional 
diagram of a “bucket” (not to scale) showing six food treats and a bag of ~800g 
gravel (for stability) placed inside the lower (inaccessible) compartment of the 
bucket, and a possible additional food treat in the upper (accessible) compartment 
of baited buckets. 
 
2.5.2.4 Procedure: 
Each of 16 bucket containers, shown in Figure 2.19, was placed on each coordinate of 
the central 4*4 grid shown in Figure 2.18. Each pair of dogs was assigned a holeboard 
configuration by randomly selecting one bucket (1-4) from each row (A-D) using the 
“RANDBETWEEN” function in Microsoft Excel, which was re-ran for that pair if three or 
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more consecutive rows returned the same bucket number. The pattern of baited 
buckets for each pair is shown in Table 2.9. 
Table 2.9: Counterbalancing table used for assigning each pair of dogs a pattern of 
baited buckets for the holeboard task. 
 
The three dogs that were excluded from the study due to lack of an appropriate 
matched dog (T4, C9 and T11) are shown in grey. 
 
 For dogs C1 and T1, the researcher visited all buckets, tapping a treat against the inside 
of unbaited buckets and placing a treat inside listed baited buckets, such that the dog 
within the holding area could not detect which buckets had been baited. However this 
method was discontinued for subsequent pairs as it was thought that the dog might 
perceive that all buckets were baited, rather than only the ones baited in previous trials. 
All other dogs were briefly removed from the room into an adjacent corridor by the 
owner whilst the buckets were baited, before returning to the holding area. 
Each dog was allowed into the arena and footage of their bucket visits was recorded. 
Dogs were removed after 5 minutes had elapsed or immediately after finding all four 
rewards, as performed in previous studies in rodents and pigs (Kuc et al., 2006, Arts et 
al., 2009, Bolhuis et al., 2013), because it was thought that visiting now-empty buckets 
once all rewards were found might lead to extinction of the learned pattern. They were 
then removed into the holding area for 5 minutes, during this time the same buckets 
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were re-baited. The dog was then allowed back in the arena as previously. This was 
repeated until the dog had completed four trials. 
2.5.2.5 Data Recording and Analysis: 
Video footage was recorded using a Canon Legria HF R206 camcorder mounted onto the 
wall of the holding area (see Figure 2.18). Footage was analysed using Behavioural 
Observation Research Interactive Software (BORIS) (Friard and Gamba, 2016) by another 
researcher who was blinded with respect to group (control/osteoarthritis) and provided 
with no information about the dogs’ signalments, all other aspects of analyses were 
performed by MS. 
The coordinates of each baited bucket, the number of treats found and the trial number 
(1-4) were manually added to each dataset exported from BORIS. From these the 
outcomes described in Table 2.10 were calculated. The same categories for weight (12-
15kg (n=4); 15-20kg (n=5), 20-30kg (n=4), 30-40kg (n=3)) and age (6-7 years (n=9) and 8-
10 years (n=7)) were used as in the novel object recognition task, so that the sample size 
in each category was large enough for analyses to be performed in order to assess their 
effect on outcomes. Analyses were performed using the Repeated Measures General 
Linear Model function in SPSS in order to assess the effects of trial number, group, 
signalment factors and clinical examination measures on the outcomes described in 
Table 2.10. Where degrees of freedom were sufficiently high to do so, Mauchly’s test of 
sphericity was performed. If this statistic significantly differed from sphericity (α=0.05), a 
Greenhouse-Geisser correction was applied to the degrees of freedom for that F-
distribution. 
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Results are reported as a test statistic, degrees of freedom (shown as a subscript) and a 
p-value. Graphs show means with error bars representing 95% confidence intervals. 
Letters above bars represent no significant difference (α=0.05) between bars sharing the 
same letter. Letters are omitted where no significant differences are present between 
any factors. 
Results of the pilot study are shown in Appendix 2.14. Whilst there was no significant 
effect of phase, it seemed that there was at least a general trend for the time taken to 
find all the treats (food rewards) to decrease with subsequent trials, therefore it was 
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decided to proceed with the study using the matched control-osteoarthritis pairs of 
dogs. 
No significant differences were found between groups for any measure shown in Table 
2.10 (reference memory score (F(1,14)=0.525, p=0.481), working memory score for baited 
buckets (F(1,14)=0.14, p=0.908), working memory score for all buckets (F(1,14)=0.008, 
p=0.928), time taken to find all treats (F(1,14)=1.52, p=0.238), number of bucket visits 
(F(1,14)=0.39, p=0.846) or search rate (F(1,14)=0.703, p=0.416)), as shown in Figure 2.20. 
Significant effects of trial were found for time taken to find all treats (F(3,42)=7.939, 
p=0.000263) and search rate (F(3,42)=18.674, p=7.5381x 10-8), but not for any other 
measure. There were no significant interactions between trial and group for any 
measure. There was no effect on the significance of any results whether the measure 
used for “time taken” was that to find all treats (tA), which excluded dogs that did not 
find all treats from the analysis, or that capped at 300s if not all treats were found (tC) 
(see Table 2.10), therefore tC was used since it was the measure used to calculate the 
search rate, and because excluding the dogs that failed to find all treats would artificially 
reduce the mean time taken to find all rewards by excluding the dogs that were slowest. 
There were similarly no significant (α=0.05) differences in outcome measures between 
dogs with different osteoarthritis severities (numbers of dogs with each severity score 
are summarised in Figure 2.5) either when assessed by the owner or when assessed by 
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Figure 2.20: Mean values for each group and trial for each outcome. 
(A) reference memory score, (B) working memory score for baited buckets (WMB), 
(C) working memory score for all buckets (WMA), (D) time taken to find all treats, (E) 
number of bucket visits and (F) search rate. Graphs show means with error bars 
representing 95% confidence intervals. 
 
Chapter 2: Assessment of working memory in dogs with and without chronic pain from 
osteoarthritis using two rapid assays: The novel object recognition and holeboard tasks 
108 
 
There was no significant (α=0.05) effect of weight or sex on any of the outcome 
measures from the holeboard task (see Table 2.10), nor any interactions between trial 
and weight or sex. There was a significant interaction between age and trial for time 
taken to find all of the treats (F(3,42)=3.889, p=0.015) and search rate (F(3,42)=3.667, 
p=0.02) as shown in Figure 2.21. In earlier trials, older dogs explored buckets at a similar 
rate to younger dogs and took more time than younger dogs to find all treats, but in 
later trials, older dogs explored buckets at a faster rate than younger dogs and found all 
of the treats in a similar time to younger dogs. The total number of buckets visited, 
which along with the time taken determined the search rate, was not significantly 
affected by age (F(1,14)=0.538, p=0.467), trial (F(3,42)=2.124, p=0.112) or the interaction 
between these (F(3,42)=2.294, p=0.092), neither was any other factor described in Table 
2.10. 
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Figure 2.21: The effect 
of age and phase on (A) 
time taken to find all 
treats and (B) search 
rate. 
Graphs show means 
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A sample size estimation was then performed. Measures of effect size (partial eta-
squared) were calculated in SPSS for between-group effects, within-group (between-
trial) effects, and the interaction between these, for each measure shown in Table 2.10. 
Using these, the sample size required to obtain a statistical power of ≥0.8 was estimated 
using G*Power (Faul et al., 2007), assuming an approximate correlation amongst 
repeated measures of 0.5 (moderate-strong). The results are shown in Table 2.11. For 
Reference Memory Score, a Greenhouse-Geisser correction (ε=0.623) was applied to 
degrees of freedom due to a probable lack of sphericity (Mauchly’s W(14)=0.315, 
p=0.012) for the effect of trial. Data for all other measures did not significantly differ 
from those expected if data were spherical (α=0.05). 
Table 2.11: Predicted sample sizes (per group) required for a statistical power of 
≥0.8, for each outcome measure of the holeboard task.  
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There were no significant differences in working memory scores between control and 
osteoarthritic dogs, regardless of whether visits to baited buckets only (as in previous 
studies (van der Staay et al., 2012)) or visits to all buckets (which may give a measure 
less related to reference memory) were considered. However, the lack of an effect of 
trial on reference or working memory scores implies the dogs did not learn the task 
successfully: Reference memory and working memory scores are expected to increase 
with subsequent trials as animals learn the locations of food rewards (and that rewards 
replenish between but not during trials) and preferentially visit buckets containing them 
(van der Staay et al., 2012), as seen in other studies (van der Staay, 1999, Arts et al., 
2009, Gieling et al., 2012). There are several potential reasons for this: Dogs had only 
four trials in which to familiarise themselves with the task and learn the pattern of 
baited buckets, as it was advantageous to use a protocol that could be completed in a 
single visit. However in other studies involving mice (Kuc et al., 2006), rats (van der 
Staay, 1999) and pigs (Haagensen et al., 2013a, Haagensen et al., 2013b), animals were 
given a habituation phase to familiarise themselves with the environment and handlers, 
and a learning/acquisition phase consisting of 5 or more trials prior to their retention 
phase or any experimental treatments or holeboard pattern changes. A habituation 
phase was considered unnecessary because dogs were already familiar with humans and 
indoor environments, and owners were present during testing, therefore this was 
avoided to limit the session duration. However, dogs may require more than four trials 
to learn the pattern of baited buckets. 
Another possibility is that dogs do not have comparable spatial working or reference 
memory skills to other species. Macpherson and Roberts (2010) found that whilst dogs 
could learn tasks within an eight-arm radial maze, their performance was significantly 
worse than that of rats and primates, leading them to conclude that “Dogs’ memory 
capacity in these studies was found to be surprisingly low” (Macpherson and Roberts, 
2010). Since dogs also performed less well in a problem solving task than wolves (Frank 
and Frank, 1985), it is possible that domestication has reduced the selective pressure for 
spatial cognitive skills in dogs (Macpherson and Roberts, 2010), due to their close bond 
with human care-givers and reduced need to roam for food and resources. Furthermore, 
the brain of domestic dogs is proportionally around 30% smaller than that of wolves 
(Kruska, 2005), with the hippocampus, a structure regarded as highly important for 
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spatial reasoning skills (Macpherson and Roberts, 2010), being 42% smaller (Kruska, 
2005). Since the hippocampus of domestic rats is only 12% smaller than that of wild rats 
(Kruska, 2005), it seems reasonable that rats could have retained more of their ancestral 
spatial memory skills compared to dogs. However, Fiset and Plourde (2013) found that 
dogs performed as well as wolves in a test of spatial working memory involving finding a 
hidden object, suggesting that domestication may not have had such a marked effect on 
the spatial working memory of dogs as previously thought. Whilst it is possible that dogs 
would be unable to learn any variant of the holeboard task due to limited spatial 
working or reference memory, it is also possible that they may be able to learn the task 
given more trials, and it would be appropriate to investigate this before concluding that 
this task is not possible for dogs to learn. 
Dogs may not have had an incentive to preferentially visit buckets baited on previous 
trials or to learn the pattern of baited buckets, because of the lack of a cost associated 
with visiting unbaited buckets. Laughlin and Mendl (2004) found that pigs that incurred 
costs (stepping over a rope barrier) to enter the arms of a radial maze during learning 
trials made fewer errors during recall trials than those that incurred no costs to enter 
arms, suggesting that the presence of costs associated with choices may improve 
performance in spatial working memory tasks. In a holeboard task in piglets, Antonides 
et al. (2015) covered buckets with plastic balls so that piglets could not visually locate 
food rewards, however since piglets had to lift the balls with their snouts to access the 
buckets, this may have added an increased cost in terms of difficulty or effort to a 
bucket visit, which may incentivise animals to preferentially investigate baited rather 
than unbaited buckets. Whilst it may be possible to do something similar to increase the 
cost of visiting a bucket in dogs, three dogs (all osteoarthritic) did not find all four food 
rewards in earlier trials, with some dogs initially appearing disinterested in visiting the 
buckets, therefore increasing the cost of bucket visits may discourage dogs from 
learning the task or initially exploring the buckets to learn that some of them contain 
food.  
 
It is possible that the dogs were relying on olfactory cues rather than memory and were 
visiting and returning to unbaited or previously-visited buckets because they could smell 
the food rewards in the inaccessible compartment of the buckets, and persisted in 
attempting to retrieve these inaccessible treats rather than learning to visit the 
accessible compartments of other buckets to retrieve those treats. This would be 
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difficult to resolve as if the inaccessible compartments were not baited, the dogs would 
be able to rely on olfactory stimuli rather than memory to locate baited buckets, which 
would not provide useful information about their cognition. 
One possibility that may explain why there were no differences seen between dogs with 
and without osteoarthritis is that the dogs recruited may not have experienced a high 
enough intensity of pain to cause the cognitive effects seen in human chronic pain 
patients. All of the osteoarthritic dogs recruited were assessed by their owner and the 
veterinary surgeon as having “mild” or “moderate” osteoarthritis severity and none had 
“severe” severity. Grisart and Plaghki (1999) found that chronic pain patients with “low 
pain” (assessed by visual analogue scale) had no differences in selective attention 
compared to healthy controls, however those with “high pain” had significantly higher 
response times than both healthy controls and “low pain” patients in all of the tests of 
selective attention performed (Grisart and Plaghki, 1999). Eccleston (1995) also found 
that patients with high intensity pain had significantly impaired performance on an 
attentional task compared to patients with low-intensity pain and healthy controls, 
whereas low-intensity pain patients showed no significant differences in reaction times 
compared to healthy controls (Eccleston, 1995). This suggests that there is an intensity 
threshold at which chronic pain begins to affect cognition, and that if more severely 
affected dogs could be recruited, these might show significant cognitive differences 
compared to less-severely affected dogs and to healthy controls.  
It is also possible that the lack of significant changes in reference memory over time 
and/or differences in working memory between osteoarthritic and control dogs may be 
due to insufficient sample sizes and thus low statistical power. From Table 2.11, it is 
evident that some factors, most notably the time taken to find the rewards, had a 
reasonable effect size, but would require 14 dogs per group rather than 8 to give the 
test sufficient power to detect a significant effect. It also appears from Figure 2.20 that 
the time taken appeared to be non-significantly but consistently higher for osteoarthritic 
dogs than control dogs, supporting the idea that increased sample size may lead to the 
detection of a significant difference between groups for this measure. Such a difference 
could be explained by impaired mobility and thus increased time to reach each bucket in 
the osteoarthritic dogs rather than any cognitive impairment, however. Of principal 
interest to this study was working memory, due to its impairment in human chronic pain 
patients, however both measures of working memory showed a between-groups effect 
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size of 0.001, requiring an estimated 4904 dogs per group to detect a significant 
between-group difference. This strongly suggests that there is no difference in spatial 
working memory between osteoarthritic and control dogs that is detectable using this 
paradigm, regardless of sample size. The relatively higher effect sizes and lower required 
sample sizes of less than 50 dogs per group seen for between-trial comparisons imply 
that between-trial effects may also exist (suggesting that dogs may learn how to 
perform the task to some extent) and be detectable with higher numbers of dogs, 
however it may ultimately be preferable to use a paradigm with greater effect sizes and 
the ability to detect between-group differences in spatial working memory. 
Another interesting aspect of these results is the lack of effect of age on reference or 
working memory scores: Several studies by N. W. Milgram’s research group have found 
age-related deficits in spatial learning and working memory in dogs (Adams et al., 2000, 
Tapp et al., 2003, Snigdha et al., 2012), suggesting that dogs show age-related cognitive 
decline in a similar way to humans. However this is possibly because of the narrow age-
range of dogs in this study; dogs younger than 6 years were excluded as it was unlikely 
that many osteoarthritic dogs younger than six could be found, and dogs older than 10 
were excluded because of findings that “senior” dogs above the age of 11 years showed 
significant deficits in working memory compared to younger dogs (Snigdha et al., 2012). 
Whilst “old” dogs of 8-9.5 years also showed (less pronounced and non-significant) 
impairments in working memory compared to younger dogs (Snigdha et al., 2012), the 
younger dogs they were compared to were 3-4.5 years old, younger than any of the 
dogs in this sample. Therefore it is possible that no significant age-related differences in 
spatial working or reference memory would occur between 6-7-year-old dogs and 8-10-
year-old dogs as these dogs are too similar in age. This is supported by the fact that the 
CCDR scores for dogs tested were all well below the threshold for concern (Salvin et al., 
2011), suggesting that none of them had significant age-related cognitive dysfunction. 
2.6 Summary: 
Though analyses of clinical assessment and owner questionnaires would suggest dogs 
were correctly assigned to the osteoarthritic and control groups, osteoarthritic dogs did 
not perform substantially differently on the holeboard task compared to control dogs. 
However the lack of increased reference or working memory scores over time would 
suggest that neither group of dogs had successfully learned the task. More surprisingly, 
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dogs with chronic pain from osteoarthritis appeared to recognise the familiar object and 
thus preferentially interact with a novel object, whereas control dogs did not. This may 
be because of increased non-spatial working memory for objects or increased 
preference for novelty, however these findings should be interpreted cautiously as the 
amount of time that dogs spent interacting with either object in either phase was very 
low. 
Because the dogs in this study did not appear to have successfully learned the holeboard 
task, it would be interesting to develop a version of the holeboard task comprising a 
greater number of trials, as seen in other species, to assess whether the holeboard task 
is suitable for use in dogs, as well as to investigate potential alternative assays for 
assessing spatial working memory in dogs. 
  
Chapter 3: Comparing assays of spatial working memory in dogs 
117 
 
Chapter 3 Comparing assays of spatial 
working memory in dogs 
3.1 Abstract: 
The study described in this chapter assesses the performance of companion animal dogs 
in two tasks of spatial working memory, with the aim of selecting an appropriate task to 
compare the spatial working memory of dogs with and without chronic pain from 
osteoarthritis. The tasks were a three-day version of the holeboard task (described in 
Chapter 2) with an increased number of trials and a configuration change, and a 
disappearing object task. Dogs were able to learn both tasks successfully: Working and 
reference memory scores in the holeboard task increased as dogs learned the 
configuration of baited buckets and decreased following a configuration change, and 
dogs’ success at recalling the location of a hidden object decreased with increasing 
durations between observing the researcher hide the object and being allowed to 
retrieve it. There was no significant correlation between dogs’ performance in the two 
tasks, possibly because the holeboard task required a greater degree of independent 
learning and was exclusively food-reinforced whereas the disappearing object task 
required observation of and interaction with a researcher and was not purely food-
reinforced. Because it could be performed in a single session, the disappearing object 
task was selected as a more appropriate task for comparing the spatial working memory 
of osteoarthritic and healthy control dogs owned by members of the public. 
3.2 Introduction: 
The holeboard task described in Chapter 2 was not only unable to differentiate 
osteoarthritic from healthy control dogs, but since the dogs showed no significant 
improvement in reference or working memory scores over time, it is likely that the dogs 
were not able to successfully learn the task over four trials. Therefore in this chapter a 
version of the holeboard task consisting of 40 trials was devised and performed by 10 
dogs, in order to assess whether dogs are capable of learning the holeboard task when 
more trials are given. Additionally, a modified version of the “disappearing object task” 
first described by Fiset et al. (2003) was performed by the same dogs, as a shorter test of 
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working memory that should be more adaptable to use with visiting owners in order to 
assess differences in working memory score between dogs with and without 
osteoarthritis. Finally, correlations between the outcome measures of these tasks were 
analysed to assess whether they were likely to be measures of the same construct 
(spatial working memory).  
For ease of reading, this chapter is structured such that the background, materials and 
methods, results and discussion for the holeboard task are presented first in Section 3.3, 
followed by the same sections for the disappearing object task in Section 3.4, with a 
summary presented in Section 3.5. 
3.3 The Holeboard task: 
3.3.1 Background: 
In Chapter 2, a version of the modified holeboard task that was short enough to be 
performed by dogs visiting the hospital with their owners was described, but it appeared 
that neither osteoarthritic nor healthy control dogs were able to learn the task 
successfully in the four trials allowed. However, many holeboard studies performed in 
rodents and pigs have allowed far more trials than this (as summarised in Table 3.1), as 
their husbandry more easily facilitates repeated testing over a longer period. Whilst it 
would not be feasible to test pet dogs daily over the course of several weeks, it should 
be possible to achieve similar numbers of trials as those achieved in previous studies 
within a single week, by using larger numbers of massed trials per day. Previous studies 
have shown that using massed rather than spaced trials decreases the efficiency of long-
term spatial memory (spatial reference memory) acquisition in rats (Spreng et al., 2002, 
Commins et al., 2003), however this does not appear to impair the acquisition of short-
term information reliant on spatial working memory (Spreng et al., 2002, Commins et 
al., 2003), and therefore should be suitable for this study in which the primary outcome 
measure of interest is reliant on spatial working memory. However it is possible that 
using massed trials may affect the learning of the task “rules” (e.g. that the same 
buckets are baited between trials, buckets are not rebaited during a trial, and the food 
in the bottom compartment of the bucket is not accessible), as this is likely to involve 
reference memory (Dudchenko, 2004). 
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Table 3.1: Summary of the number of trials and trial spacing used in several 
previous holeboard studies. 
Study  
Number of trials 
(excluding 





each day Sample size Species 
Kuc et al. 
(2006) 
24 or 32 (two 
experiments 
performed) 6 or 4 24 or 8  Mouse 
van der 
Staay 
(1999) 46 4 30 per group Rat 
Haagensen 
et al. 
(2013a) 20 2 12 Pig 
Haagensen 
et al. 
(2013b),  10 2 8 per group Pig 
Gieling et 
al. (2012) 26 2 9 per group Pig 
Bolhuis et 
al. (2013) 30 2 
32 overall 
(group sizes 
not apparent) Pig 
Arts et al. 




46-54 (dependent on 
when learning 
criterion reached) 4 9 per group Pig 
     
 
 
Another limitation of the rapid holeboard assay described in Chapter 2 was the lack of a 
“reversal” phase, in which the holeboard configuration learned by the animal is replaced 
with a new configuration (van der Staay, 1999, Kuc et al., 2006, Antonides et al., 2015) 
and further trials are performed. (Whilst this is often described as a “reversal” phase 
(Kuc et al., 2006, van der Staay et al., 2012, Antonides et al., 2015), and it fulfils a 
criterion for reversal learning in that it involves the alteration of behaviour in response 
to a change in stimulus-reward relationships (Clark et al., 2004), it does not involve the 
switching of the reward value of two stimuli (Fellows and Farah, 2003) (since there are 
multiple possible previously unrewarded configurations and some previously-unbaited 
buckets/holes remain unbaited during the reversal phase), therefore it may not be 
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regarded as a true “reversal” paradigm, however the term “reversal phase” will be used 
to describe this phase of the task in this thesis document in order to maintain consistent 
terminology with the existing literature.) Incorporating a reversal phase allows an 
assessment of whether the animals were genuinely using spatial reference memory to 
locate the food rewards: If the reference memory score decreases following the 
configuration change, it is likely that the animals’ prior performance was due to their 
spatial reference memory for the previous configuration (Kuc et al., 2006), rather than 
other factors such as scent cues. Additionally, adding a reversal phase would also 
facilitate the acquisition of outcome measures relating to perseveration; the tendency of 
an animal to repeat a previously-learned behaviour that is no-longer appropriate 
(McNamara and Albert, 2004).  
Many previous studies using the holeboard test have included a reversal phase: Kuc et 
al. (2006) introduced mice that had previously learned a particular holeboard 
configuration to 6 trials with a different holeboard configuration, and found that the 
number of reference memory errors increased in all mice, suggesting mice were using 
spatial reference memory to solve the task. They also found that mice overexpressing 
amyloid precursor protein made more working memory errors than wild-type mice even 
though both strains showed similar outcomes when performing the task with the initial 
configuration (Kuc et al., 2006), suggesting the reversal phase can highlight differences 
in spatial working or reference memory that were not apparent in the initial learning 
phase. Similarly van der Staay (1999) found that the extent to which the reference 
memory score dropped following a change in configuration was higher in Brown Norway 
strain rats than albino WAG strain rats, but that the reference memory score of Brown 
Norway rats increased more quickly than WAG strain rats after the configuration change 
whereas working memory score was similarly disrupted in both strains, indicating that 
there are strain differences in perseveration in rats that can be detected by the reversal 
phase. This suggests that it may be possible to detect differences in perseveration 
between other groups of animals also. Gieling et al. (2012) found that whilst low-
birthweight and normal-birthweight piglets performed similarly pre-reversal, low-
birthweight piglets took slightly longer to learn the new configuration following reversal 
than normal-birthweight piglets. Whilst Arts et al. (2009) did not find an effect of group-
mixing on performance, both groups of pigs showed a decrease in reference and 
working memory scores following each configuration change, suggesting that they had 
successfully remembered the previous configuration and weren’t using non-spatial cues 
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to find the food rewards.  
 
Given that the holeboard task described in this chapter will no longer be short enough to 
perform in a single session, it is therefore reasonable to include a reversal phase in order 
to confirm that the dogs were using spatial reference memory to locate the food 
rewards, as well as to increase the similarity with holeboard protocols used in previous 
studies in order to assess whether dogs perform similarly to other species in this task. 
This would also create a task in which the perseveration tendency of different groups of 
dogs, such as dogs with and without osteoarthritis, could then be compared. Whilst 
there is currently no evidence linking chronic pain itself to perseveration, and one study 
by Apkarian et al. (2004a) found that patients with chronic lower back pain did not make 
more perseveration errors than healthy control subjects despite deficits in emotional 
decision-making, little research examining the effect of chronic pain on perseveration 
has been performed. Furthermore, chronic pain patients have been found to show 
decreased grey matter density in the prefrontal cortex (a region of the frontal lobe) 
(Apkarian et al., 2004b), disorders affecting the frontal lobe can cause perseveration 
errors in human patients (Lombardi et al., 1999) and lesions to the prefrontal cortex 
have been shown to induce perseverative behaviour in marmosets (Iversen and Mishkin, 
1970), therefore it is not infeasible that chronic pain may lead to increased 
perseveration. Additionally, chronic pain patients are thought to show perseveration of 
attempting to escape or cure chronic pain even when it is inescapable or incurable, 
which may cause increased vigilance or worrying (Aldrich et al., 2000), however it is not 
known whether this phenomenon is related to perseverance of non-pain-related 
behaviours such as continuing to search in a previously-correct location for food. Use of 
the holeboard as a novel method of assessing perseveration behaviours in dogs may also 
be useful in future to assess the effects of other conditions such as damage to the 
central nervous system following trauma, neoplasia, surgery or disease.  
It may have been possible that using different configurations for different pairs of dogs 
in the holeboard protocol described in Chapter 2 may have led to some dogs having 
easier or more difficult configurations than others. Therefore in the adapted holeboard 
task described in this chapter, all dogs had the same initial and reversal holeboard 
configurations. 
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3.3.2 Materials and Methods: 
3.3.2.1 Animals: 
Ethical approval for animal use was obtained from the University of Bristol AWERB 
(VIN/15/042). Ten staff-owned dogs between the ages of one and thirteen years 
(7.4±3.0 years; mean ± 95% confidence interval) were recruited: Six females and four 
males. Six dogs were neutered (three females and three males) and four were 
unneutered (three females and one male). The mean weight of dogs recruited was 
22.5±5.5kg. Nine different breeds were recruited: Six dogs were gundog-type, two 
terrier-type, and one each of pastoral- and hound-type. Where age was to be included in 
analyses, dogs were grouped by age such that there were three dogs aged 1-5 years, 
four dogs aged 6-10 years and three dogs aged 11-15 years. These categories were 
chosen since they are of approximately equal size and approximately represent the 
boundaries between “old” and “senior” dogs used by Snigdha et al. (2012), who 
identified age-related differences in working memory between these groups. 
Participating owners were given a £10 gift card (John Lewis Partnership, London, UK) 
following completion of the study. 
3.3.2.2 Apparatus: 
The apparatus for the holeboard task was largely identical to that described in Chapter 
2. The arena setup is shown in Figure 3.1: A leash was attached to the closet and a dog 
bed placed in front of it, to restrict the dog’s movement whilst buckets were being 
baited. Two sliding wooden boards (120cm high, 160cm long and 3mm thick) were 
placed in front of the fencing such that they could be moved to block the dogs’ view of 
the arena whilst the buckets were being baited. 
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Figure 3.1: Arena setup during the holeboard task (A) when the gate is open and (B) 
during rebaiting of buckets.  
S represents the seat upon which the researcher sat whilst the dog was in the arena. 
 
3.3.2.3 Procedure: 
The dog was tethered using a leash to the closet within the holding area, with wooden 
boards placed against the arena fencing such that the dog could not see into the arena 
(see Figure 3.1). The researcher then placed a food reward in buckets A1, B4, C2 and D3 
as shown in Figure 3.2, all other buckets remained unbaited (though all buckets 
contained inaccessible food placed in the lower compartment). The dog was then 
allowed into the arena and footage of their bucket visits was recorded. Dogs were 
removed after 180s had elapsed or immediately after finding all four rewards (the 
duration of each trial was reduced from the 300s used in the study described in Chapter 
2 in order to ensure that there was sufficient time to perform two sessions each with 
two dogs each day, and because in the majority of trials in the study described in 
Chapter 2 in which the dog found all of the food rewards in 300s, all food rewards were 
found in the first 180s of the trial (51/58 trials; 87.9%). Each session lasted for 10 trials, 
with two sessions per day, three hours apart, over two consecutive days (40 trials in 
total). On the third day, a further 20 trials were completed (2 sessions of 10 trials, with 
each session 3 hours apart) with the configuration of baited buckets changed to A3, B2, 
C4, and D1; a mirror image of the original configuration (so that both configurations 
should be of similar difficulty). These specific configurations used were the same as 
those successfully used by Arts et al. (2009) in pigs. Between each trial there was a 
retention interval of three minutes during which dogs were led to the bed adjacent to 
the closet and leashed to the closet door whilst wooden boards were moved in front of 
the arena fencing to completely obstruct the dogs’ view of the arena, as shown in Figure 
3.1. During this period the buckets were rebaited before moving the wooden boards to 
their initial position, releasing the dog into the holding area and offering them a drink of 
water before the next trial. The outcome measures for this study are shown in Table 3.2.  




Figure 3.2: Diagram showing the configuration of baited buckets for the initial 
(sessions 1-4) and reversal (sessions 5-6) phases of the holeboard task.  
The locations of baited buckets are marked with red crosses and unbaited buckets 
with white crosses. 
 
3.3.2.4 Analysis: 
Video footage was recorded using a Canon Legria HF R206 camcorder mounted onto the 
wall of the holding area (see Figure 3.1). The identity of each bucket visited (e.g. A1, B2 – 
see Figure 3.1) and the time of each visit was recorded using Behavioural Observation 
Research Interactive Software (BORIS) (Friard and Gamba, 2016) by a paid assistant who 
viewed the footage after all experimental sessions were complete and received no 
information about the dogs’ signalments, the study hypothesis or how outcome 
measures would be obtained from the recorded bucket visits. The assistant was aware 
of which buckets were baited so that they were able to input when each trial had been 
completed (at the first point at which the dog had visited all four baited buckets in that 
trial). All other aspects of data manipulation and analysis were performed by MS. 
Macros (See Appendix 3.2 and Appendix 3.3) were developed and applied to each of the 
BORIS output spreadsheets for each trial of each dog to calculate outcome measures 
(see Table 3.2), which were then imported into a single dataset to be analysed in SPSS. 
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Table 3.2: Outcome measures for the holeboard task. 
 
Chapter 3: Comparing assays of spatial working memory in dogs 
127 
 
Data were analysed in SPSS using the repeated measures general linear model function, 
with session and trial as within-subject factors and age group as a between-subjects 
factor. In order to test that the data met assumptions, and where degrees of freedom 
were sufficient to allow their performance, Mauchly’s tests of sphericity and Levene’s 
tests of homogeneity of error variances were performed, and Shapiro-Wilk tests of 
normality were performed on model residuals. Figures were plotted in RStudio (RStudio 
Team, 2016) using the package ggplot2 (Wickham, 2009). 
3.3.3 Results: 
Results are reported as a test statistic, degrees of freedom (shown as a subscript) and a 
p-value, except in cases where not all of these were given as outputs from statistical 
testing software. Graphs show means with error bars representing 95% confidence 
intervals.  
Since only 17/300 (5.67%) of residuals significantly deviated from normality (p<0.05), no 
corrections were applied to account for this. 47/300 (15.67%) sets of datapoints (each 
set consisting of data from all dogs for each outcome variable at each trial of each 
session) showed significant heterogeneity of variance as assessed via Levene’s test 
(p<0.05), however, since the majority of sets of datapoints did show homogeneity of 
variance, this was considered acceptable. A significant deviation from sphericity was 
found only for the effect of session on search rate (W=0.01, X2(14)=36.7, p=0.02), 
therefore a Greenhouse-Geisser correction was applied to the degrees of freedom for 
this effect. 
A significant effect of session was found on all measures; reference memory score 
(F(5,35)=10.549, p=0.000003), working memory score (both considering only baited 
buckets (F(5,35)=4.877, p=0.002) and considering all buckets (F(5,35)=3.587, p=0.010)), time 
taken to find all food rewards (F(5,35)=13.540, p=2.24*10-7) and search rate 
(F(1.52,35)=6.590, p=0.0182). These results are summarised in Figure 3.3. Significant effects 
of trial were found on reference memory score and time taken to find all food rewards, 
with dogs showing an improvement in reference memory scores and a decrease in time 
taken to find all rewards with successive trials within a session, as shown in Figure 3.4. 
There was also a significant trial by session interaction for time taken to find all food 
rewards, as shown in Figure 3.5; whilst for most sessions dogs showed a similar decrease 
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in time taken to find all of the rewards with increasing trial number, this was more 
pronounced in session 1, when dogs were first exposed to the task, and was not the case 
for session 3, in which there was a slight increase in the mean time taken to perform the 
task. No significant effect of age group or session by age group interaction was found on 
any outcome (p>0.05). 




Figure 3.3: Graphs showing the effect of session on (A) reference memory score, (B) 
working memory score (baited buckets), (C) working memory score (all buckets), (D) 
time taken to find all food rewards and (E) search rate.  
Graphs show means with error bars representing 95% confidence intervals. The red 
dotted line separates sessions 1-4, performed with the initial configuration, and 
sessions 5-6 (reversal phase) with the second configuration. (A) The black dotted 
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line represents the reference memory score expected by chance if dogs were 
visiting buckets at random (0.25).  
 




Figure 3.4: The mean effect of trial on (A) reference memory score and (B) mean 
time taken to find all food rewards, showing regression lines (red) with 95% 
confidence intervals (grey).  
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Graphs show means with error bars representing 95% confidence intervals. The 
dotted line represents the reference memory score expected by chance. 
 
 
Figure 3.5: The effect of trial on time taken to find all food rewards for each session. 
 
Perseveration rate (see Table 3.2) was also calculated for sessions 5 and 6, as shown in 
Figure 3.6. One-sample T-tests performed in R using mean perseveration rate values for 
each session and each dog (to prevent pseudoreplication) found that the mean 
perseveration rate for session 5 (t(9) = 3.854, p=0.00388), but not session 6 (t(9) = 1.4939, 
p=0.169), was significantly higher than 0.25; the value expected if dogs were equally 
likely to search in all buckets. A repeated measures general linear model with session (5 
and 6 only) and trial as between-subjects factors found that there was no significant 
difference between the perseveration rate of sessions 5 and 6 (F(1,9) = 0.714, p = 0.420), 
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nor was there any significant effect of trial (F(9,81)= 0.610, p=0.785) or session*trial 
interaction (F(4.267,38.4)=1.266, p=0.300) on perseveration rate. 




Figure 3.6: (A) Perseveration rates for sessions 5 and 6. (B) Proportion of visits to 
buckets that were baited in the initial configuration.  
Graphs show means with error bars representing 95% confidence intervals. The 
black dotted line represents the rate/proportion expected by chance if dogs visited 
Chapter 3: Comparing assays of spatial working memory in dogs 
135 
 
each bucket at random. (B) For sessions 1-4 (left of the red dotted line), buckets 
baited in the initial configuration were the currently-baited buckets and thus the 
data are equivalent to reference memory scores. For sessions 5-6 (right of the red 
dotted line), these were the previously-baited buckets and thus the data are 
equivalent to perseveration rates. 
 
3.3.4 Discussion: 
These results indicate that the holeboard task is adaptable for use in dogs when 
sufficient trials are given. Results are similar to those seen in other species (van der 
Staay, 1999, Arts et al., 2009, Gieling et al., 2012, Bolhuis et al., 2013, Haagensen et al., 
2013a, Haagensen et al., 2013b, Antonides et al., 2015), with both reference and 
working memory scores increasing with successive sessions, decreasing suddenly 
following implementation of a new configuration, and then increasing again as dogs 
begin to learn the new configuration. 
This study used two different working memory scores; the WMB score representing visits 
to previously unvisited baited buckets as a proportion of the total number of visits to 
baited buckets, and the WMA score representing visits to all previously unvisited buckets 
as a proportion of the total number of visits to all buckets. Whilst the method 
represented by the WMB score is used by many other holeboard studies (van der Staay, 
1999, Arts et al., 2009, Gieling et al., 2012, Bolhuis et al., 2013, Haagensen et al., 2013a, 
Haagensen et al., 2013b, Antonides et al., 2015) and therefore allows comparisons to be 
made, the focus exclusively on baited buckets means that the score may be affected by 
the dogs’ reference memory score for which buckets were baited, therefore the WMA 
score was also included as an alternative measure that allowed all revisits to buckets to 
be accounted for, rather than only visits to baited buckets. However, both measures of 
working memory showed a similar pattern of changes with successive sessions and 
following reversal, implying that they are likely to represent the same construct. 
Whilst Macpherson and Roberts (2010) found that the working memory capabilities of 
dogs in a radial maze task was “surprisingly low” compared to rodents, in this task the 
mean working memory score (considering only baited buckets, as in other studies) 
during the last session before reversal (session 4) was within the range of 0.8-0.95 
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previously recorded in other species (van der Staay, 1999, Arts et al., 2009, Gieling et al., 
2012, Bolhuis et al., 2013, Haagensen et al., 2013a, Haagensen et al., 2013b, Antonides 
et al., 2015). This implies that the holeboard task may be more suitable for assessing 
working memory in dogs than radial maze tasks.  
However, the mean reference memory score of the dogs during session 4 was 
unexpectedly low. Whilst Haagensen et al. (2013a, 2013b) found mean pre-reversal 
reference memory scores of around 0.3-0.4 in pigs, most other studies found higher 
mean reference memory scores of 0.45-0.7 (van der Staay, 1999, Arts et al., 2009, 
Gieling et al., 2012, Bolhuis et al., 2013, Antonides et al., 2015). This is possibly because 
this study used a large number of massed trials spaced over only two days (excluding 
reversal), whereas other studies generally used 2-4 trials per day spaced over periods 
longer than a single week. Since usage of spaced rather than massed trials improves 
reference but not working memory (Spreng et al., 2002, Commins et al., 2003), it makes 
sense that the reference but not working memory scores of the dogs in this study would 
be lower than those previously observed in other species even if the cognitive capacities 
of those species were comparable. 
Dogs showed perseveration with visiting the previous configuration of buckets during 
session 5, but not during session 6, when the proportion of visits to these buckets was 
not significantly different from those expected by chance. Whilst perseverative 
behaviours may occur in pathological situations such as frontal lobe injury (Lombardi et 
al., 1999) or obsessive-compulsive disorders (Voon et al., 2015), where behaviours 
become less goal-oriented and more habitual, short-term perseveration with visiting the 
formerly correct locations from a previously-learned holeboard configuration may 
represent persistent reference memory for the original configuration, which then 
becomes extinguished when the behaviour is unrewarded. This has previously been 
observed in other species: Trouche et al. (2010) found that older mouse lemurs made 
fewer perseverative errors in a maze task, but made more reference memory errors 
than younger lemurs (Trouche et al., 2010). Conversely, Beatty et al. (1985) found that 
26-month-old rats made a higher proportion of correct choices on a radial maze task 
than 6-month-old rats, indicating superior reference memory abilities, but prior radial 
maze training interfered with their ability to learn a cross-maze task, causing them to 
make more errors and require more training trials to reach a learning criterion than 6-
month-old rats and non-pre-trained 26-month-old rats. Both studies would indicate that 
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increased reference memory could interfere with the learning of new or changed task 
rules and thus increase perseveration behaviours. In this study, since there was no 
significant perseveration with visiting the previous configuration during session 6, it 
seems more likely that the perseveration observed in session 5 was due to persistent 
reference memory that had not yet been extinguished, rather than the formation of a 
persistent habitual behaviour. However, this task could be used to compare the 
tendencies of different groups of dogs to persevere with visiting the initial baited bucket 
configuration, especially if a larger number of post-reversal sessions were used to assess 
the duration of perseveration after such visits were no-longer rewarded. 
There was also no effect of age group on probability of success, which was surprising as 
other studies have found age-dependent differences in working memory (Adams et al., 
2000, Tapp et al., 2003, Snigdha et al., 2012). It is possible that there were insufficient 
dogs of each age group within this sample to detect an effect, or that the task itself is 
less well suited to detection of age-related cognitive decline compared with more 
complex tasks that require training, such as the delayed non-matching to position tasks 
that have been previously used in studies of age-related cognitive decline in dogs 
(Adams et al., 2000, Zanghi et al., 2015). Alternatively, the dogs recruited may have been 
less likely to have experienced age-related cognitive decline than dogs within the 
general population: The staff-owned dogs involved in this study were habituated to 
handling and participation in studies and clinical teaching exercises, so they may receive 
more regular and varied cognitive and environmental enrichment than dogs within the 
general population or laboratory dogs used in other studies. Studies have found that 
cognitive and environmental enrichment can reduce the effect of age-related cognitive 
decline in humans (Ball et al., 2002, Wilson et al., 2002, Bosma et al., 2003), mice 
(Kempermann et al., 2002), and dogs (Milgram et al., 2005, Nippak et al., 2007), so it is 
possible that the older dogs in this study were less cognitively impaired than older dogs 
in general due to the greater amount of cognitive enrichment they received due to being 
used in clinical training and experimental work. 
This study shows that the holeboard task can successfully be adapted to dogs and 
performed in a short timeframe of three days, with the potential to add additional post-
reversal trials in order to monitor perseveration of visits to buckets that were baited in 
the initial configuration over a longer period. This task also has the advantage of 
allowing spatial working and reference memory capabilities of dogs to be assessed 
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separately. As well as having the potential to compare working and reference memory 
scores of dogs with and without chronic pain from osteoarthritis, this task could be used 
to investigate the effects of other disease states or of environmental enrichment factors 
on working and reference memory, as well as allowing comparisons to be made 
between dog breeds or to compare the working and reference memory abilities of dogs 
with those of other species. Whilst there was no significant effect of age in this study, it 
is possible that with an increased sample size or a sample of dogs that more accurately 
represents the general population, the holeboard task could also be used to investigate 
age-related cognitive decline using a canine model, and as it requires no operant 
conditioning prior to the onset of testing it can be performed much more quickly than 
other tasks that have been used previously for this purpose, which typically take weeks 
to months (Tapp et al., 2003, Milgram et al., 2005, Snigdha et al., 2012, Zanghi et al., 
2015). 
3.4 The Disappearing Object task: 
3.4.1 Background: 
The holeboard task described in this chapter requires three continuous days of practice, 
with two sessions each day. Therefore it would be difficult to perform with visiting 
owners who are unlikely to have sufficient amounts of free time to participate, thus it 
would be advantageous to use a task that can be performed in a shorter period of time 
in order to compare dogs with and without chronic pain from osteoarthritis.  
The disappearing object task developed by Fiset et al. (2003) was able to be successfully 
performed in only two days, though because the trial durations and intertrial intervals 
were relatively short, it should be possible to condense training and testing into a single 
day. This task is also advantageous because it was developed and successfully used in 
companion animal dogs (Fiset et al., 2003), unlike the holeboard task which had not 
been used in dogs prior to the studies described in this thesis document. The equipment 
required for the study should also be fairly transportable and does not require large 
amounts of space, allowing for it to be performed in owners’ homes (Fiset et al., 2003) 
which is likely to yield results that are more representative of dogs’ working memory in 
everyday life than if testing was performed in an unfamiliar setting. 
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The task consisted of three phases: In an initial shaping phase, the dog was trained to 
touch an object in exchange for a reward (a combination of food, verbal praise and 
petting), and then the object was gradually moved closer to, and eventually between, 
four identical open-backed wooden boxes arranged in a semicircle around the dog’s 
position (Fiset et al., 2003), before the dog was allowed to retrieve the object and 
receive the reward each time. In the training phase, the dog was restrained by an 
experimenter and watched another experimenter place the object, suspended by a 
length of nylon string, behind one of the four boxes. In order to prevent the dog from 
using body orientation or maintained eye contact as cues to remember the location of 
the object, and to prevent visual cues associated with the boxes to allow memory 
reactivation of the object’s location during the retention interval (Fiset et al., 2003), an 
opaque screen was placed in front of the dog’s position. The screen was then 
immediately removed and the dog released and allowed to approach a box. If the dog 
approached the correct box first, they were rewarded. If the dog approached an 
incorrect box, they were interrupted and led back to their starting position without 
receiving any reward. If the dog made no search attempt within 60s they were called 
back to the starting position to begin the next trial (Fiset et al., 2003). During the testing 
phase, which was performed the following day, a similar protocol was followed, 
however the opaque screen remained in place for a variable retention interval between 
0s and 240s, and trials were separated by a 30s intertrial retention period (Fiset et al., 
2003). 
Fiset et al. (2003) found that dogs’ success rate (proportion of visits that were to the 
correct box) was significantly higher than expected by chance at all retention intervals 
from 0s to 120s, but was significantly higher at shorter retention intervals than at longer 
retention intervals. Furthermore, when dogs searched in an incorrect box, they were 
significantly more likely to search in boxes near to the target box than boxes further 
away (Fiset et al., 2003), as would be expected if the dogs were relying on spatial 
working memory to recall the location of the object and thus retained an approximate 
representation of its location (Bjork and Cummings, 1984). Therefore this task appears 
to be a fast but effective method of assessing spatial working memory in dogs. 
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3.4.2 Materials and Methods: 
3.4.2.1 Animals: 
This task used the same animals that participated in the holeboard task described in 
experiment 3.1. The disappearing object task was performed on either the day 
immediately after the reversal phase of the holeboard study (sessions 5 and 6) or two 
days afterwards (in order to allow two dogs to be tested each week).  
3.4.2.2 Apparatus: 
Four identical wooden boxes, cuboidal-shaped but with an open back, were placed in 
the arena as shown in Figure 3.7, such that each was 150cm from the starting position 
(centre point of the arena gate) and evenly-spaced. Each box was filled with 750ml 
aquarium gravel inside plastic cups, to increase stability. One experimenter, E1 (MS), 
remained within the arena, whereas another, E2, remained in the holding area. The 
object consisted of a tennis ball or squeaky rubber toy attached to a 125cm, 1mm thick 
nylon thread. Tennis balls and boxes were cleaned between uses with F10 disinfectant 
spray (Health and Hygiene (Pty) ltd., Florida Hills, South Africa). 




Figure 3.7: The arena setup for the disappearing object task.  
Red dotted lines represent the arc at 150cm from the start position, with boxes 
placed at 36, 72, 108 and 144 degrees from the line of the fence and at tangents to 
the arc. Boxes are numbered as shown. The positions of E1 and E2, the two 
experimenters, are given at the point when the dog is released to retrieve the 
object, which in this example is behind box 2. During the retention interval, the 
wooden board (120cm high, 160cm long and 3mm thick) was slid in front of the gate 
to prevent the dog from maintaining eye contact with the location of the object. 
Grey lines represent walls of the arena, which was 3.75m long on each side (full 
length not shown). 
 
3.4.2.3 Procedure:  
The dog was brought into the holding area and allowed to explore for at least 5 minutes 
whilst the apparatus was set up. E1 showed a tennis ball and rubber squeaky toy to the 
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dog and allowed the dog to interact with both objects. The object most preferred by the 
dog was selected for use, according to E1’s subjective opinion which was influenced by 
which object the dog initially approached, which object they showed more tail-wagging 
and jumping behaviour towards when the objects were presented, and which object 
they interacted with for longer following presentation of both objects. 
The procedure was similar to that used by Fiset et al. (2003): In the Shaping Phase, E2 
held the dog by the collar whilst E1 placed the object on the floor near the dog and 
verbally encouraged the dog to approach the object. When the dog touched the object 
with their paw, mouth or nose, the object was removed by E1 and the dog was 
rewarded with a food reward, petting and verbal praise. The dog was then called back 
by E2 who held their collar at the designated point to start the next trial. Once the dog 
had touched the object 5 times successfully, the object was gradually moved towards 
the boxes with each successful trial. Then the object was placed between two of the 
four boxes, such that it was still visible. Once the dog touched the object 10 times 
successively, the Training Phase was initiated. 
In the Training Phase, E2 held the dog in the starting position as previously. E1 placed 
the object in front of and between the two middle boxes and called the dog to get their 
attention. The target box for each trial was pseudorandomised using the RAND() 
function in Excel, such that each target box occurred exactly six times, and the same 
target box was not selected twice in succession. E1 then lifted the object using the end 
of the cord that was not attached to the object, such that the object dangled in the air in 
front of E1, and moved the object in front of all four boxes to reach the target box (i.e. if 
the target box was box 3 or 4, the object was moved in front of boxes 1, 2, 3 and 4 and 
then into the target box; if the target box was 1 or 2 the object was moved in front of 
boxes 4, 3, 2 and 1 and then into the target box). Once the object reached the target box 
it was placed behind the target box. If it was unclear whether the dog was still observing 
the object at that point, the object was lifted from behind the box into the dog’s view 
and replaced behind the box once more, with E1 visually tracking the dog’s eyes to 
ensure they followed the object. If the dog appeared to stop following the object with 
their eyes at any point, the movement of the object between all four boxes was 
repeated. E1 then moved the wooden board in front of the gate aperture and 
immediately moved it back again, in order to habituate the dog to its presence. E1 then 
stood in the position indicated in Figure 3.7, and E2 released the dog to retrieve the 
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object. At this point E1 looked towards the adjacent wall and E2 was instructed to look 
towards E1, so as not to provide cues about the object’s location to the dog. Once the 
dog began to move towards the boxes, E1 followed the dog such that they could reach 
the dog’s collar to prevent them from visiting multiple boxes per trial. If the dog did not 
search behind any of the boxes within 1 minute, they were called back by E2 and the 
next trial began. If the dog searched behind a non-target box, E1 restrained the dog by 
the collar and led them back out of the arena, where they were held by E2 ready for the 
next trial. If the dog searched behind the target box and touched the object, they were 
rewarded with a food reward, petting and verbal praise. Dogs were not allowed to visit 
multiple boxes, and the first box visited by the dog was recorded as the outcome. 
Occasionally, dogs moved between boxes too quickly to be restrained and were able to 
retrieve the object before being led out of the arena. In these cases, the outcome was 
recorded as an incorrect visit (to the first box visited), but the dog still received a food 
reward so that their training to touch the object would not be extinguished. After 24 
training trials, the Testing Phase was initiated. 
 
The Testing Phase consisted of three trialblocks of 20 trials each. E2 held the dog at the 
designated location as previously, and E1 hid the object behind one of the four boxes as 
in the Training Phase. The wooden board was then moved in front of the gate and 
remained there for a specific retention interval (0, 30, 60, 120 or 240 seconds). The 
interval and target box for each trial were pseudorandomised using the RAND() function 
in Excel, such that each combination of target box and interval duration occurred exactly 
once per trialblock, and the same target box or interval duration did not occur twice in 
succession. The order of trials with each interval and target box is given in Appendix 3.4. 
Each trial then proceeded as in the Training Phase. Dogs were taken for a walk outside 
for 5 minutes between each of the three phases. 
 
For each trial, the box visited by each dog and the outcome (Success/Failure/No visit) 
were recorded by E1 using pencil and paper. An attempt was made to record footage of 
the task using a camcorder in order to obtain the latency to approach each box in 
addition to the success rate data, as whilst this was not performed by Fiset et al. (2003) 
it may have provided additional information for analysis. Furthermore this would also 
have allowed each dog’s visits to be recorded independently by an assistant who would 
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have been blinded with respect to dogs’ signalment and the study hypothesis. However 
due to technical issues relating to the camcorder this was ultimately not possible. 
3.4.2.4 Analysis: 
The analysis method for this study was adapted from the example mixed effects logistic 
regression model given by UCLA: Statistical Consulting Group (2017). A mixed effects 
logistic regression model was fitted in R (R Core Team, 2014) using the glmer() function 
from the lme4 package (Bates et al., 2015), which automatically identifies the nesting 
structure of variables (UCLA: Statistical Consulting Group, 2017), in order to identify 
factors affecting the probability of a successful visit. The model was specified as 
'binomial' and included the fixed effects of interval, trialblock, box number (behind 
which the object was hidden) and trial number. The individual dog being tested was 
included as a random effect, but between-dog factors were not included due to 
concerns about insufficient power and to reduce the risk of overfitting (Babyak, 2004). A 
reference category was defined for the categorical factors of target box (box 1) and 
trialblock (trialblock 1), with which to compare the effect of other categories of each 
factor.  
The developer version of lme4 (version 1.1-15) was installed using the install_github() 
function from the package devtools (Wickham and Chang, 2017) in order to successfully 
make predictions from this type of model, as the default version at the time of writing 
(version 1.1-14) does not possess this functionality (UCLA: Statistical Consulting Group, 
2017). The predict.merMod() function was then used to predict the probability of 
success over the range of possible values for each continuous variable that was found to 
have a significant effect on the probability of successfully visiting the correct box. 
The function dispersion_glmer() from the R package blmeco (Korner-Nievergelt et al., 
2015) was used to test for overdispersion. Additional packages used were Hmisc 
(Harrell, 2017), for the binconf() function which allows confidence interval calculations 
for the observed outcomes, and dplyr (Wickham et al., 2017) for various data 
manipulation functions. 
In order to assess whether the dogs were experiencing proactive interference, whereby 
the memory of the object location in the previous trial interferes with the dog’s memory 
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of the object location in the current trial (Hampton and Shettleworth, 1998, Fiset et al., 
2003), binomial tests were performed for each dog to assess whether the proportion of 
erroneous visits in which the dog visited the same box as they visited the previous trial 
differed from what would be expected by chance (0.25; assuming dogs were randomly 
selecting boxes to visit), as performed by Fiset et al. (2003). Additionally, binomial tests 
were also performed for each dog to assess whether the proportion of erroneous visits 
in which the dog visited the target box of the previous trial differed from what would be 
expected by chance, as it is possible that the dog could have learned and remembered 
the location of the object when it was removed from the previous box between trials 
even if they did not successfully visit that box during the previous trial. 
If dogs were truly relying on spatial working memory to locate the object, it would be 
expected that they would search “as a function of proximity to the target object” (Fiset 
et al., 2003), i.e. that the dogs would be more likely to search for the object in boxes 
closer to the target box rather than boxes that were further away from it, rather than 
searching randomly (Bjork and Cummings, 1984). Dogs could search in boxes that were 0 
(target box), 1, 2 or 3 boxes away from the target box, however the proportions of visits 
to each of these that would be expected by chance are not equal: If the object was 
hidden behind boxes 1 or 4, the probability of dogs randomly searching in a box 0, 1, 2, 
or 3 boxes from the target box is 0.25. However if the object was hidden behind boxes 2 
or 3, the probability of dogs randomly searching in a box 1 box away is 0.5 (as two boxes 
meet this criteria), whereas the probability of searching in the correct box (0 boxes 
away) or a box 2 boxes away is 0.25, and the probability of searching in a box 3 boxes 
away is 0, as no such boxes exist. Because the experimental design was balanced such 
that there were equal numbers of trials with each target box for each interval, the mean 
of the probabilities for target boxes 1 and 4 and target boxes 2 and 3 was used as the 
expected probability for each distance from the target box. The number of visits each 
dog made to boxes at each distance was calculated, mean values were obtained for each 
distance, and binomial tests were performed to compare these to numbers of visits 
expected by chance.  
In order to assess whether the holeboard and disappearing object tasks measured the 
same construct, a Spearman’s rank correlation test was performed (a Pearson 
correlation test was not used as the relationship may not be linear) between the 
outcomes of the holeboard task (Working memory score (all buckets), working memory 
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score (baited buckets) and reference memory score) and the overall success rate for the 
disappearing object task for each dog. Whilst the disappearing object task is thought to 
rely on working memory, it is not clear which working memory score is superior, and it 
would be interesting to assess whether there was any correlation with reference 
memory score in order to confirm that the disappearing object task did not rely on 
reference memory. Because dogs may not have fully learned the task in early sessions, 
this was repeated using only the data from holeboard session 4. A Bonferroni 
adjustment was applied to the p-value threshold for significance to account for multiple 
testing. 
Figures were produced in RStudio (RStudio Team, 2016) using various functions from the 
R packages ggplot2 (Wickham, 2009) and GridExtra (Auguie, 2017). The R script used to 
analyse and plot the data for this experiment is given in Appendix 3.5. 
3.4.3 Results:  
The model estimates were based on an adaptive Gaussian Hermite approximation (lme4 
automatically selects an appropriate approximation method for the data unless 
otherwise specified) with 100 integration points, and from these estimates odds ratios 
for each continuous variable and factor category were calculated, as well as z-values and 
associated p-values (as shown in Table 3.3). The factors with a significant (p<0.05) effect 
on the probability of success were interval (z=-7.17, p=7.49*10-13), with dogs being less 
likely to successfully find the object with increasing intervals (Odds Ratio (OR)=0.992, 
95% confidence interval (CI)=0.990-0.994), trial (z=-2.53, p=0.0115), with dogs being less 
likely to find the object with progressive trials within a trialblock (OR=0.962, CI=0.933-
0.991) and box, with dogs being less likely to successfully find the object when it was 
hidden behind box 2 (but not when it was hidden behind boxes 3 or 4) compared with 
box 1 (OR=0.593, CI=0.362-0.972; z=-2.07, p=0.0383). 
 
Table 3.3: Odds ratios with 95% confidence limits calculated from model estimates, 
and z- and p-values generated by the model output, for each continuous factor and 
level of categorical factor included in the model. 












limit (UCL) z-value p-value 
Interval 0.992 0.990 0.994 -7.17 7.49x10-13 
Trial 0.962 0.933 0.991 -2.53 0.011 
Trialblock 2 1.225 0.808 1.858 0.95 0.340 
Trialblock 3 1.256 0.809 1.950 1.01 0.310 
Box 2 0.593 0.362 0.972 -2.07 0.038 
Box 3 0.789 0.484 1.286 -0.95 0.342 
Box 4 1.211 0.745 1.970 0.77 0.440 
 
Factors with a significant effect on probability of success (p<0.05) are shown in 
orange. 
 
Whilst the model generated warning messages (see Appendix 3.5), these were initially 
removed following rescaling of continuous variables (interval and trial) to values 
between 0 and 1 using the rescale() function, so that they were within the same scale as 
the binary outcome variable (success/failure to reach the correct box). However, since 
this did not affect the p-values of the model, it was decided to retain the non-rescaled 
version of the model for ease of making and interpreting predictions from the model. 
The dispersion_glmer() function returned a scale parameter (1.11) within the expected 
range for models that are not overdispersed (0.75-1.4) according to the package 
documentation (Korner-Nievergelt et al., 2015), therefore neither the model or analysis 
method were amended to account for overdispersion. 
For the continuous variables that were found to have a significant effect on the 
probability of success (interval and trial), the model was used to predict the average 
marginal probability of success (the average change in probability of success for a given 
variable across all groups of all other variables (UCLA: Statistical Consulting Group, 
2017)) at a series of values between the minimum and maximum recorded value (240 
datapoints between 0 and 240s for interval; 20 datapoints between 1 and 20 for trial). 
These predictions were plotted together with the observed results, as shown in Figure 
3.8 and Figure 3.9. The lowest integer value of interval at which the probability of 
success was less than or equal to 0.25 (the value expected by chance if the dogs were 
selecting a box at random each trial) was 207 seconds. 




Figure 3.8: Mean predicted probability of success (black) and interquartile range 
(grey) for each interval.  
Points in red show the mean observed success rate at each experimental interval, 
with 95% confidence intervals. The dotted line represents the probability of success 
expected by chance if dogs were randomly selecting one of the four boxes to visit 
each trial. 
 




Figure 3.9: Mean predicted probability of success (black) and interquartile range 
(grey) for each trial within a trialblock.  
Points in red show the mean observed rate of success for each trial (averaged across 
all three trialblocks), with 95% confidence intervals. The dotted line represents the 
probability of success expected by chance if dogs were randomly selecting one of 
the four boxes to visit each trial. 
 
Because the probability of success when the object was hidden behind box 2 was 
significantly lower than when it was hidden behind box 1, average marginal probabilities 
of success for each interval were also calculated separately for each box, as shown in 
Figure 3.10. A graph showing proportion of visits to each box for each target box (behind 
which the object was hidden) was also plotted (see Figure 3.10). 
 




Figure 3.10: Graphs related to target box location during the disappearing object 
task. 
(A): Observed proportion of successful visits (with 95% confidence intervals) for 
each target box (behind which the object was hidden). (B): Mean predicted effect of 
interval on probability of success for each target box. Translucent areas represent 
interquartile ranges. The dotted line represents the probability of success expected 
by chance if dogs were randomly selecting one of the four boxes to visit each trial. 
(C): Observed proportion of visits to each box for each target box (with 95% 
confidence intervals). 
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Only one dog visited the box visited in the previous trial more often than would be 
expected by chance, and only three of ten dogs visited the target box from the previous 
trial more than would be expected by chance, as shown in Table 3.4. 
Table 3.4: The number of (erroneous) visits to the visited and target box from the 
previous trial, the total number of erroneous visits to all boxes and the results of 
the binomial tests comparing each of these to values expected by chance (0.25) for 








Incorrect visits to: 









test p-value  
1 26 10 0.11669 12 0.02092 
2 43 7 0.21985 18 0.02027 
3 23 10 0.05237 10 0.05237 
4 26 7 0.82175 11 0.06592 
5 33 9 0.84057 12 0.15733 
6 36 9 1 12 0.25053 
7 40 9 0.85564 11 0.71593 
8 35 14 0.04994 14 0.04994 
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9 32 11 0.22335 10 0.41634 
10 30 6 0.67446 6 0.67446 
Rows in orange represent statistically significant (p<0.05) results. 
 
A greater proportion of visits were made to boxes the closer they were to the target 
box, as shown in Figure 3.11. Binomial tests were performed to compare the observed 
number of visits to boxes at each distance from the target box to those expected by 
chance. Significant differences (p<0.05) were found only for boxes that were 0 or 2 
boxes from the target box, as shown in Table 3.5.  
 
Figure 3.11: Mean proportions (with 95% confidence intervals) of visits to boxes at 
each distance from the target box (grey).  
Transparent cyan bars show the expected proportion of visits to boxes at each 
distance if dogs were searching by chance. 
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Table 3.5: Binomial test results comparing observed and expected proportions of 























0 28 59 0.475 0.25 0.000217 
1 19 59 0.322 0.375 0.424 
2 8 59 0.136 0.25 0.0493 
3 4 59 0.068 0.125 0.237 
p-values shaded in gold were significantly different (p<0.05) from those expected by 
chance. Trials in which the dog did not visit a box were omitted. 
 
None of the outcomes of the holeboard task significantly correlated with the success 
rate in the disappearing object task (at either p<0.05 or p<0.00833 (Bonferroni-adjusted) 
thresholds), either when all holeboard trials were considered or when only holeboard 
session 4 was considered, as shown in Table 3.6. 
  




Table 3.6: Spearman’s rank correlations between mean holeboard task outcome 
measures and disappearing object task success rate for each dog. 
Sessions 
included: 
Correlation between disappearing 





Working memory score (all buckets) 0.079 0.828 
Working memory score (baited buckets) -0.061 0.868 
Reference memory score 0.438 0.206 
Session 4 
only 
Working memory score (all buckets) -0.024 0.947 
Working memory score (baited buckets) -0.073 0.841 




As hypothesised, the dogs were less likely to correctly recall the location of the hidden 
object as the interval between watching the object get hidden and being allowed to 
retrieve it increased. This result is similar to the findings of Fiset et al. (2003). Dogs were 
also slightly less likely to recall the location of the hidden object with increasing trials 
within the same trialblock. This may be because the dogs became disinterested or 
inattentive after several trials had occurred without a break. It is also possible that the 
dogs were becoming satiated from successive food rewards, however if this was the 
case it would be expected that dogs would also show a reduced probability of success 
with successive trialblocks, which was not the case. 
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Dogs were also less likely to successfully find the object when it was hidden behind box 
2 compared to when it was hidden behind box 1, and were also slightly (but not 
significantly) less successful at locating the object when it was hidden behind box 3 than 
box 1 (See Figure 3.10A). Whilst dogs did most commonly search behind box 2 when the 
object was hidden there, this effect was less pronounced than for the other boxes (see 
Figure 3.10C). Dogs also searched behind box 3 more often than would be expected by 
chance when the object was hidden behind box 2, and dogs also searched behind box 2 
slightly more than would be expected by chance when the object was hidden behind 
box 3. This implies that dogs may find it more difficult to distinguish the two middle 
boxes (2 and 3) compared to the outer boxes (1 and 4). Since boxes 1 and 4 were closer 
to the arena walls, these may have acted as an environmental (allocentric) cue and 
facilitated the dog’s memory for the nearby object location. Milgram et al. (1999) found 
that dogs were capable of using allocentric cues in order to solve spatial tasks, so the 
presence of a cue (such as a wall adjacent to one side of the box) may have facilitated 
their learning in this case. Additionally, there may have been something about the 
location of box 2 in the arena that made dogs less willing to approach it; although the 
boxes and arena were cleaned between uses and each wooden box was likely to have 
changed locations several times during the study, box 2 was always placed at the same 
location within the arena, and there may have been something undetectable to 
experimenters about this spatial location that was aversive or less appealing to the dogs 
than the other locations. 
In a spatial working memory task performed in a chamber containing an array of several 
holes, Gutnikov et al. (1994) similarly found that rats were more accurate in trials where 
the target hole was an outer hole compared to where the target hole was a central hole. 
They concluded that this was probably because rats had used a body-orienting strategy 
involving turning from the food dispenser in the direction of the target hole and 
selecting the first eligible hole they encountered (which would be an outer rather than 
an inner hole). Because of technical problems preventing successful video recording and 
analysis of the trials in this study, it was not possible to investigate whether dogs were 
more likely to turn in the direction of the correct box following release or whether they 
oriented their bodies towards that direction prior to release. This could be investigated 
by repeating the experiment with a superior camcorder setup in order to allow the 
examination of the dogs’ body orientation during the retention interval and routes taken 
by dogs between the holding pen and the boxes. However, each dog was restrained by 
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E2 so that they could not overtly aim their body towards the target box, and the 
presence of the wooden boards during the retention interval should have prevented the 
dog from maintaining visual contact with the target box, in order to prevent the dog 
from using an orienting strategy when selecting which box to visit (though it is possible 
that dogs could have used more subtle strategies involving orienting of the head or 
eyes). Additionally, when the target box was a central box, incorrect visits were more 
commonly due to visiting the alternative (incorrect) central box than either of the outer 
boxes, whereas the turning strategy proposed by Gutnikov et al. (1994) would predict 
that dogs would be more likely to visit the outer box that was nearest to the correct 
central box instead, therefore it is perhaps more likely that the dogs were more likely to 
successfully locate the object when it was hidden behind an outer box than an inner box 
due to allocentric cues such as the position of the target box relative to the arena walls 
than using this strategy.  
One limitation of this experiment was that each testing session lasted for around 5-6 
hours, which is too long to reasonably use with dogs owned by members of the public in 
order to compare osteoarthritic and healthy control dogs. Ideally the task would take a 
maximum of around two hours, as this would better fit into owners’ schedules and thus 
would be likely to improve recruitment, and would also ensure the dog remained 
motivated to participate throughout the session. There are several potential changes 
that could be made to the study design in order to reduce the duration of a study 
session: Since there was no effect of trialblock, and the effect of interval was still 
statistically significant when only data from trialblock 1 were included in the model 
(p<0.05; see Appendix 3.6), it would be feasible to use only one trialblock rather than 
three. Additionally, since the dogs’ performance reached chance levels at around 207 
seconds, it would be reasonable to omit the 240s trialblock from future studies as dogs 
would be expected to be performing no better than expected by chance at this point. 
Additionally, the model used assumes that the effect of each variable on probability of 
success is linear, however this is unlikely to truly be the case, as realistically the 
probability of success would be expected to tend towards that expected by chance 
(estimated as 0.25 assuming that dogs were selecting a box to visit at random each trial) 
rather than continue to decrease beyond this, and as such the model fits less well at 
lower probabilities of success. For example, at an interval of 240s, which is beyond the 
point that the predicted model has crossed P(Success)=0.25, the predicted value 
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(0.2033) is considerably below the observed value (0.2583). However, since values of 
interval at which the probability of success was predicted to be less than 0.25 will be 
omitted from the subsequent study, this issue is likely to have less of an effect when 
comparing dogs with and without osteoarthritis. 
This experiment was adapted from a study by Fiset et al. (2003), which also found a 
significant effect of interval on their measure of success (measured as proportion of 
successful visits rather than predicted probability of success). However the success rate 
of the dogs in their study was much higher, with dogs visiting the correct box on ~90% of 
visits at intervals of 0s, and still performing at higher than expected chance levels of 
success after intervals of 240s (Fiset et al., 2003). There are several possible reasons for 
this; the study by Fiset et al. (2003) was performed over two days, with the shaping and 
training phase performed on day 1 and the three trialblocks of the testing phase 
performed on day 2. It is possible that spreading sessions over two days may have 
increased the dog’s attentiveness as the testing sessions were shorter, and allowing the 
dog to sleep between the training and testing phase may have allowed memory 
consolidation (Rasch and Born, 2007), which has been shown to improve the 
performance of human participants in a range of cognitive tasks (Stickgold, 2005). 
Additionally, the study by Fiset et al. (2003) was performed in the owners’ homes, a 
familiar environment in which the dog is likely to be more comfortable and less anxious 
or fearful than an unfamiliar arena containing many novel stimuli, which may cause 
neophobia and anxiety in dogs (Pluijmakers et al., 2010). Since anxiety and fear are 
known to impair working memory in humans (Calvo et al., 1992, Lavric et al., 2003) and 
rats (Diamond et al., 1999, Woodson et al., 2003), it seems likely that dogs would 
perform better in their home environment than in an unfamiliar one in which they may 
be anxious. Fiset et al. (2003) also specifically selected dogs that appeared to be highly 
motivated to play with the objects, whereas in order to maximise recruitment this study 
used as many staff-owned dogs as could be recruited within a short period. Whilst most 
of the dogs appeared to be highly motivated to touch the ball or squeaky toy without 
food reinforcement, two of the dogs did not appear motivated to touch the object until 
after it was associated with a food reward, which may have affected their motivation to 
retrieve it during the testing phase. 
It is possible that trials were not truly independent; studies have found that in tasks such 
as these with short intertrial intervals and a range of trials of different durations 
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presented together (Edhouse and White, 1988, Fiset et al., 2003) animals are likely to 
experience intertrial proactive interference, whereby animals retain the memory of the 
object location from the previous trial which interferes with the memory of the location 
in the current trial (Hampton and Shettleworth, 1998, Fiset et al., 2003). However only 
one of ten dogs visited the same box that they visited on the previous trial, indicating 
that there was not a marked effect of proactive intertrial interference. Slightly more 
dogs than this visited the target box from the previous trial significantly more often than 
would be expected by chance. This could be because dogs were more likely to 
remember the “correct” location of the object in the previous trial than the place in 
which they looked for it. However this effect occurred in only three of the dogs tested, 
so is unlikely to have a marked effect on the results.  
It is possible that dogs could use alternative strategies rather than spatial working 
memory to find the object. One possibility is that the dogs used scent cues to locate the 
object, however the object, arena and boxes were cleaned with the same disinfectant in 
order to eliminate any scent associated with the object as much as possible, and if dogs 
were relying on scent cues to locate the object they would have been similarly likely to 
successfully locate it at both longer and shorter intervals, which was not the case. As 
noted by Fiset et al. (2003), it is also possible that dogs were orienting their head or 
body towards the box behind which the object was hidden and remaining in that 
position until the barrier was removed. However since the dogs were restrained by an 
experimenter the extent to which they could orient themselves towards a single box was 
limited. Additionally, dogs did not appear to consistently face a single direction during 
the interval, and would often move around in an apparent attempt to move around the 
barrier (which was prevented by the experimenter restraining them), turn around to 
interact with the experimenter, or lie down on the arena floor. Therefore it seems the 
most reasonable explanation is that the dogs were using spatial working memory to 
locate the hidden object. Furthermore, dogs visited boxes that were closer to the target 
box more often than boxes that were further away. Whilst the proportions of these 
visits significantly differed from those expected by chance for only boxes that were 0 
and 2 boxes from the target box, the sample size in this study was low and the 95% 
confidence intervals at each proximity were relatively large. The overall tendency of the 
dogs to visit boxes more often the closer they were to the target box suggests that dogs 
were searching “as a function of the proximity to the target box” (Fiset et al., 2003), and 
this combined with the significant effect of interval on probability of success as found by 
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Fiset et al. (2003) suggests that dogs were likely to be using spatial working memory to 
locate the object (Bjork and Cummings, 1984). 
However, it was hypothesised that if the dogs were using spatial working memory to 
locate the object, their performance would have correlated with their performance in 
the holeboard task; a more established test of spatial working memory in other species, 
which was not the case. There are several potential reasons for this: The dogs may have 
differed in their motivation to acquire the different rewards in each task, with dogs that 
were more food-oriented potentially being more motivated to directly obtain the food 
rewards in the holeboard task and dogs that preferred toys potentially being more 
motivated to obtain the ball or squeaky toy in the disappearing object task. This would 
fit with observations that some dogs appeared to find the acquisition of the object more 
rewarding than the food reward such that they would not readily drop the object to 
obtain the food reward, and other dogs did not appear initially motivated to touch the 
object until it was paired with food in the shaping phase. It is also possible that since the 
location of the baited buckets in the holeboard task is constant between trials whereas 
the location of the target object in the disappearing object task varies between trials, 
performance on the disappearing object task may be more reflective of true spatial 
working memory, whereas working memory scores in the holeboard task may be 
affected to some extent by the task’s reference memory component. 
Additionally, the disappearing object task required the dog to observe a researcher 
hiding an object with rewards provided by the researcher, which has a social learning 
component, whereas recalling previously visited buckets in the holeboard task required 
independent learning and reward acquisition without any human interaction. Dogs 
appear readily able to use observed human behaviour during behavioural tasks; Merola 
et al. (2012) found that the latency of dogs to approach a novel object was decreased if 
a human used a positive tone of voice and facial expressions in relation to the object, 
and increased if the human used a negative tone of voice and facial expressions in 
relation to it, showing that dogs’ observation of human behaviour can affect motivation 
and performance in behavioural tasks. Additionally, several studies have shown that 
dogs can use observations of human locomotion (Pongrácz et al., 2001) and cues such as 
gaze, body position, pointing or verbal communication (Miklösi et al., 1998, Hare and 
Tomasello, 1999, Pongrácz et al., 2004), to solve spatial tasks more effectively. However, 
looking to humans to provide cues may not always improve dogs’ performance if the 
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task requires independent problem solving: Topál et al. (1997) found that companion 
animal dogs showed impaired performance on an independent problem-solving task 
compared to working dogs; they spent more time following and gazing at their owner, 
showed a greater latency to begin interacting with the task objects, obtained fewer food 
rewards in total, and tended to wait for the owner’s encouragement before attempting 
the task. It was also found that this effect was stronger in dogs whose owners regarded 
them with more anthropomorphic attitudes (i.e. more similarly to human family 
members) (Topál et al., 1997). Whilst the owners were not present for the holeboard or 
disappearing object tasks in this study, this suggests that the dogs that are more likely to 
observe humans and rely on them for provision of cues, which may be advantageous in 
maintaining attention and learning the object location during the disappearing object 
task, may be impaired on individual problem-solving tasks such as the holeboard task. 
3.5 Summary: 
The modified holeboard task is able to be successfully used in dogs providing that they 
are given a sufficient number of trials to learn the task. The gradual increases in 
reference and working memory scores over repeated sessions with the same 
configuration, followed by a decrease in the initial session of a novel configuration and a 
gradual increase afterwards, is a similar pattern to that observed in other studies and in 
other species (van der Staay, 1999, Bolhuis et al., 2013), indicating that the underlying 
cognitive processes are also likely to be similar. Furthermore, the decrease in reference 
memory score following the change in configuration meant that the dogs were likely to 
have truly relied on spatial reference memory to locate the rewards prior to the 
configuration change, rather than relying on scent cues, which would have allowed them 
to locate the rewards in a similar way even following the configuration change. 
The disappearing object task adapted from that used by Fiset et al. (2003) was also 
successful. As expected, the probability of the dogs successfully finding the hidden 
object decreased with the length of retention interval. However the dogs performed less 
well than those of Fiset et al. (2003), who reported higher success rates at each interval, 
with dogs still more likely to find the object than would be expected by chance even at 
retention intervals of 240s (Fiset et al., 2003). Whilst this could be due to genuine 
differences in the dog populations sampled, Fiset et al. (2003) performed the study 
within participating owners’ own homes in which the dogs were likely to be more 
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comfortable, which may have reduced their anxiety and increased their attention and 
probability of success. 
Since the disappearing object task can be performed in a single day per dog, this task 
will be used to compare the working memory of dogs with and without chronic pain 
from osteoarthritis. Because the disappearing object task took longer than expected 
from initial calculations (up to 6 hours per dog), and because there was no significant 
effect of trialblock on success rate, only one trialblock will be used. Additionally, because 
the staff-owned dogs used in this study are regularly used for behavioural studies and 
veterinary training workshops, they were likely to have been less anxious in the testing 
environment when separated from their owners than companion animal dogs from the 
general population. Therefore the following study will be performed within the dogs’ 
and owners’ own homes, with the owner present. 
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Chapter 4 Comparison of spatial working 
memory in dogs with and without chronic pain 
from osteoarthritis using the disappearing 
object task 
4.1 Abstract: 
The study described in this chapter compared the performance of osteoarthritic and 
healthy control dogs in the disappearing object task of spatial working memory. There 
was a significant effect of group by sex interaction on probability of success, with female 
neutered osteoarthritic dogs, but not male neutered osteoarthritic dogs, showing 
decreased proportions of successful visits compared to healthy control dogs of the same 
sex and neutering status (no entire dogs participated in this study). This may possibly 
reflect post-menopausal increases in osteoarthritis severity in human women and 
increased osteoarthritis-like changes in ovariectomised animal models of osteoarthritis, 
or may be due to the combination of female mammals’ reduced proficiency in spatial 
tasks compared with that of male mammals and working memory impairment from 
osteoarthritis-related pain, neither of which were sufficient to impair task performance 
alone. However due to limitations of the analysis methods used, in particular the risk of 
overfitting, these findings should be interpreted cautiously until replicated in a larger 
sample. 
4.2 Introduction: 
Since the disappearing object task from Chapter 3 was successfully able to assess spatial 
working memory in dogs, this chapter describes a study adapting this task to compare 
the spatial working memory of companion-animal dogs with and without chronic pain 
from osteoarthritis. The dogs used were owned by members of the public and therefore 
may not be habituated to unusual situations or settings or to separation from owners 
compared to the staff-owned dogs used in the study described in Chapter 3. Therefore 
dogs were tested within their owners' homes with the owner present. This was done to 
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reduce potential anxiety or fear which as well as having a negative welfare impact on 
the dog may also reduce spatial working memory (Lavric et al., 2003), and to improve 
recruitment of owners who were unable or unwilling to travel to the veterinary school 
for testing. 
Because the study described in Chapter 3 took around 5-6 hours, it was necessary to 
alter the method such that the task could be performed within 2 hours whilst visiting an 
owner, as this would allow several dogs to be tested in a single day and would also 
increase the probability that the study session could fit within owners’ schedules, 
potentially improving recruitment rates. In order to achieve this, a single trialblock (set 
of trials containing one instance of each possible combination of target box and interval 
duration) was used, as in the study from chapter 3 there was no effect of trialblock as a 
variable and the effect of interval was still significant when only data from the first 
trialblock were analysed. Intervals of 0, 60 and 120s were used, as by 240s in the 
previous study dogs were performing as expected by chance. Additionally, removal of 
this and the 30s interval allowed the task to be performed in a shorter amount of time, 
and also allowed the trialblock to contain fewer trials, which may reduce the negative 
effect of successive trials within the trialblock on probability of success. Because dogs 
were less likely to successfully find the object when it was hidden behind the central 
boxes, especially box 2, it was important to continue to balance the study so that there 
were the same number of trials at each box for each interval. Therefore 12 testing trials 
were performed; one at each interval for each box. The training phase was also reduced 
to 12 trials in order to reduce the time taken for the session and ensure the dogs 
remained motivated. 
In addition to the probability of success, the latency to reach the box visited is also of 
interest. Many studies have used the response latency in addition to accuracy as a 
measure of cognitive ability in humans (Lavric et al., 2003, Schmiedek et al., 2007) and 
dogs (Nippak et al., 2007, Snigdha et al., 2012, Zanghi et al., 2015), and this could also 
give a measure of motivation, with animals in many studies taking longer to reach a food 
reward with increased satiety and thus decreased motivation to obtain the reward 
(Berkson, 1962, Lawrence and Illius, 1989, Ostlund et al., 2011, Patterson-Kane et al., 
2011). Additionally, longer latencies may indicate that the task requires greater use of 
cognitive strategies and problem solving (Nippak et al., 2007). Because of the technical 
difficulties experienced when recording was attempted using a camcorder in the 
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previous study, and because of the ethical issues concerning privacy that arise when 
recording video footage of a participant's home, in this study latency values were 
recorded using a stopwatch and pencil instead. 
Human patients with chronic pain from osteoarthritis report impaired sleep (Wilcox et 
al., 2000, Taylor‐Gjevre et al., 2011), and osteoarthritic dogs appear to show improved 
sleep following nonsteroidal analgesia (Knazovicky et al., 2015), implying that sleep may 
also be impaired in canine osteoarthritis. The relationship between chronic pain and 
sleep in osteoarthritic dogs is explored further in Chapter 5, however decreased sleep is 
also associated with impaired working memory in humans (Smith et al., 2002, Steenari 
et al., 2003, Chee and Choo, 2004, Thomas et al., 2005, Miyata et al., 2013) and rodents 
(Hagewoud et al., 2010, Xie et al., 2015), as described in Section 1.4.2. It was therefore 
considered important to include a measure of dogs' sleep in this study, to investigate 
whether osteoarthritic dogs showed impaired sleep prior to task performance and 
whether this affected their performance in the disappearing object task.  
Whilst polysomnography is the gold-standard method of measuring sleep (Sadeh et al., 
1995) and has been used in laboratory-housed dogs (Takeuchi and Harada, 2002), the 
complex apparatus required would be infeasible to use in companion animal dogs in 
their home environments. Actigraphic recording of night time rest/inactivity is feasible 
to perform in dogs and has previously been used by Knazovicky et al. (2015), however 
whilst actigraphy was used in the study described in Chapter 5, it was necessary to 
perform the study described in this chapter prior to setting up the actigraphic device 
due to time and logistical constraints. Therefore it was necessary to use an owner 
questionnaire that could retrospectively provide information about each dog's sleep in 
the week prior to the study. Only one such questionnaire appears to have been designed 
for the assessment of sleep in dogs; the SNoRE (Sleep and Night Time Restlessness 
Evaluation) used by Knazovicky et al. (2015), which assesses dogs' sleep quality as 
reported by their owners. Whilst the SNoRE does not appear to have undergone prior 
validation, it was able to successfully detect improved sleep quality in osteoarthritic 
dogs following nonsteroidal analgesia administration compared to baseline levels or 
placebo administration in a blinded study (Knazovicky et al., 2015). Therefore the SNoRE 
shows promise in its ability to measure sleep quality in dogs, and was used in this study 
due to the absence of validated alternatives. 
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4.3 Materials and Methods: 
4.3.1 Animals: 
Ethical approval for animal use was obtained from the University of Bristol AWERB 
(VIN/17/005), and ethical approval for recruitment of members of the public (dog 
owners) was obtained from the University of Bristol Faculty of Health Sciences Research 
Ethics Committee (Application Ref: 31623).  
Inclusion criteria required dogs to be between 5-11 years of age, to reduce any effects of 
age-related cognitive decline on task performance and to prevent the control group 
from being significantly younger than the osteoarthritic group (since osteoarthritis is an 
age-related condition it was considered unlikely that dogs younger than 5 years of age 
would have had osteoarthritis). Dogs were also required to be of breeds or breed 
combinations such they were unlikely to weigh less than 12kg. This weight restriction 
was applied due to the hypothesis that the clinical presentation and pathogenesis of 
osteoarthritis may differ between larger dogs and smaller dogs weighing less than 12kg 
(J Hunt 2016, personal communication, 27 April), and was consistent with other studies 
performed within the research group (Harris, 2017, Hunt et al., 2018). Because the study 
was performed in owners' homes where dogs could not be weighed, a combination of 
owner reports and visual examination of the dog by a veterinary surgeon (MS) was used 
to confirm that each dog was unlikely to weigh less than 12kg. Dogs were also to be 
excluded if their clinical history or veterinary examination indicated any ongoing health 
condition where participation in the study could have caused health or welfare 
concerns, or any ongoing health condition (other than osteoarthritis) with the potential 
to cause pain or impair cognition, however no such conditions were identified in any 
dogs examined. Participation in the task was terminated if dogs showed signs of distress; 
this occurred in the case of one (male osteoarthritic) dog. This dog was excluded from 
this study, but participated in the study described in Chapter 5. 
Twenty dogs with signs of osteoarthritis (12 female, 8 male) and 21 healthy control dogs 
without signs of osteoarthritis (6 female, 15 male) were recruited via a marketing 
campaign consisting of distribution of posters and flyers to veterinary practices within 
Bristol and North Somerset and the use of a study Facebook page 
(https://www.facebook.com/dog.arthritis). All of the dogs were neutered. 19 dogs were 
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from breeds within the Kennel Club Gundog group, five within the Pastoral group, four 
within each of the Terrier and Working groups, one from each of the Utility and Hound 
groups, and seven were crossbred dogs descended from multiple Kennel Club groups. 
Participating owners were given a £10 gift card (John Lewis Partnership, London, UK) 
following completion of the study described in Chapter 5. 
Due to delays in obtaining ethical approval and the timing of an industrial internship 
placement attended by MS, the study was performed in two phases: Data from 25 dogs 
(13 with osteoarthritis and 12 control dogs) were collected during the “Summer” period 
(May-June 2017) and data from a further 16 dogs (7 with osteoarthritis and 9 healthy 
control dogs) were collected during the “Winter” period (November-December 2017). 
All owners were given an information sheet describing the study, as shown in Appendix 
4.1. A standardised clinical examination was performed on each dog and a verbal 
veterinary history was obtained from the owners as described in Chapter 2, using the 
standardised clinical examination form shown in Appendix 2.1. As part of the clinical 
examination process, dogs were assigned a subjective severity score by the vet and 
owner independently (see Chapter 2). 
Because of the difficulty experienced in recruiting dogs with moderate-severe 
osteoarthritis that were not receiving analgesic medication during the study described in 
Chapter 2, it was decided not to exclude dogs that were taking analgesic medication 
from this study. Nine of the dogs with osteoarthritis (45%) received some form of 
analgesic medication as reported by their owners: Six dogs received daily non-steroidal 
analgesic treatment, two dogs received occasional non-steroidal analgesic treatment 
(given by the owner only when they perceived an increase in the dog’s pain), two dogs 
(including one on daily non-steroidal analgesic treatment) received intermittent 
tramadol treatment, and one dog (also receiving occasional nonsteroidal treatment) 
received daily paracetamol and gabapentin treatment. No control dogs were receiving 
analgesic medication or had received analgesic medication within a fortnight prior to the 
study. Dogs were clinically examined by the same veterinary surgeon and using the same 
clinical examination sheet and criteria described in Chapter 2, and were assigned to 
either the “Osteoarthritis” or “Control” groups accordingly.  
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Prior to the task, Owners completed the CCDR questionnaire (described in Chapter 2 and 
shown in Appendix 2.7) in order to screen dogs for signs of age-related cognitive decline. 
After completing the task, owners were given a set of 5 identical packs of 
questionnaires, with the instruction to complete the first pack, relating to the week at 
the end of which the disappearing object task was performed ("week 0"), on the same 
day as the disappearing object task or as soon as possible afterwards. The questionnaire 
pack included HCPI and CBPI questionnaires (described in Chapter 2 and shown in 
Appendix 2.3 and Appendix 2.4) to assess the severity of their dog's pain or motor 
impairment, as well as the SNoRE (Sleep and Night Time Restlessness Evaluation) 
questionnaire (Knazovicky et al., 2015), which gives a measure of the owner's perception 
of the dog's sleep quality (described in greater detail in Chapter 5 and shown in 
Appendix 5.4). This was used in order to assess the effect that sleep quality may have 
had on dogs' working memory in the disappearing object task, as well as to ensure that 
all questionnaire packs for each week were the same, as the SNoRE was required as part 
of a related study described in Chapter 5, for which the remaining questionnaire packs 
for weeks 1-4 were collected. 
4.3.3 Apparatus: 
The same four cuboidal open-backed, gravel-weighted wooden boxes and objects 
attached to nylon string were used as in the disappearing object task described in 
Chapter 3. The cups containing aquarium gravel used for weighting the boxes were 
sealed inside four identical plastic carrier bags (Lidl UK GmbH, London) to prevent 
spillage during use or transport. A transportable barrier consisting of a folding two-panel 
laundry airer covered with opaque black plastic sheeting (shown in Figure 4.1) was used 
instead of the wooden barriers described in Chapter 3. The testing arena was set up in 
an area of the owner’s home as shown in Figure 4.2. 
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Figure 4.1: Diagrammatic representation of the transportable barrier used in the 
disappearing object task (A) from the front and (B) overhead whilst open.  
When placed in front of the dog for the interval duration the barrier was opened to 
an angle between 90° and 120° in order to maximise stability but prevent vision of 
any of the boxes. The optimal angle varied depending on the space available within 
each owner’s home, the flooring material and the size of the dog. 
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Figure 4.2: The portable testing arena. 
Red dotted lines represent the arc at 100cm from the start position, with boxes 
placed at 36, 72, 108 and 144 degrees from the starting position at tangents to the 
arc, measured using a tape-measure and whiteboard protractor. Boxes are 
numbered as shown. Grey lines represent the position of the folding barrier during 
the retention interval. The positions of E1 and E2, the two experimenters, are given 
at the point when the dog is released to retrieve the object, which in this example is 
behind box 2. If insufficient space was available to allow E1 to stand behind the 
testing arena during testing, E1 stood adjacent to the edge of the room furthest 
from the arena and faced away from the arena when verbally prompting the dog to 
find the object, to avoid providing cues about the object’s location. 
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The overall procedure for the task was similar to that of the disappearing object task 
described in Chapter 3. Two experimenters were present, E1 (MS) and E2. The dog was 
shown the ball and squeaky toy, and the toy most preferred by them (in E1’s opinion) 
was selected for use. One of the osteoarthritic dogs showed little interest in these toys 
so their own toy (a blue plastic ring) was used instead. The shaping phase occurred as 
described in Chapter 3, however before the onset of the training phase the object was 
hidden behind each box twice (pseudorandomised so that the target box was not the 
same twice in a row, with the order shown in Appendix 4.2), and the dog allowed to 
retrieve it and receive the reward without the presence of the barrier. This was done so 
that the dog could learn to search behind the boxes prior to the introduction of the 
barrier, which appeared to be distracting or aversive to some dogs when it first 
appeared during the training phase of the study described in Chapter 3. The training 
phase occurred as described in Chapter 3, however in this study it consisted of 12 rather 
than 20 trials (3 for each target box), as shown in Appendix 4.3. Dogs were released into 
the owner’s garden for 2-5 minutes and offered drinking water between the training and 
testing phase. The testing phase also occurred largely as described during Chapter 3, 
with some differences: A single 12-trial trialblock was used with four trials (one for each 
target box) at each interval (0, 60 and 120s), in order to complete testing within a two-
hour visit period. E2 measured the latency between releasing the dog and the dog 
visiting a box using a stopwatch, and recorded the latency and box visited using a pencil. 
If the first box visited by the dog was at all ambiguous (for example if the dog quickly ran 
between two boxes or ran past the boxes and turned around such that they could see 
behind multiple boxes), the visit was scored as ambiguous and removed from the 
dataset prior to analysis. All analyses were performed by MS. 
4.3.5 Analysis: 
Probability of success data were analysed using mixed-effects logistic regression in R, 
using the method described in Chapter 3. Because there were a relatively large number 
(22) of potential predictor variables (shown in Table 4.2), it was beneficial to select a 
smaller subset of these variables to include in the final multivariate model, in order to 
reduce the number of unnecessary factors added and thus decrease the computational 
power required. Individual “pre-screening” models were first generated for each 
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potential predictor variable. Because the interaction of each variable with group was of 
interest as well as the main effect of each variable, each initial model contained the 
potential predictor variable, group and the interaction between the potential predictor 
and group, with outcome (success/failure) as the binary outcome variable, rather than 
the predictor variable and outcome alone. Group and interaction with group were 
removed for initial models of severity score (vet- and owner-assigned) and all measures 
relating to analgesia, due to all dogs with a score of "none" for vet-assigned severity 
(and all but one for owner-assigned severity) being included in the control group, and all 
control dogs receiving no analgesia. All potential predictor variables for which the main 
effect and/or interaction with group was significant at the p<0.1 level were added 
simultaneously to the final multivariate model along with group, which was the main 
factor of interest. This reduced inclusion threshold was selected because using a 
threshold of p<0.05 can sometimes fail to identify important variables (Bursac et al., 
2008). Stepwise addition/removal of variables following generation of the multivariate 
model was not performed. 
The mean latency to approach the box during the training phase was calculated to give 
the baseline latency for each dog. The latency to approach each box during the testing 
phase was expressed as a proportion of the baseline latency for that dog and referred to 
as “adjusted latency”, to avoid between-dog differences in latency due to factors 
unrelated to working memory, such as the size of the dog or impaired mobility from 
osteoarthritis. The adjusted latency data (as well as the raw latency data) were highly 
positively skewed, and general linear models produced using these generated residuals 
showing significant non-normality and heteroscedasticity, which were not corrected by 
transformation (log10(adjusted latency), ln(adjusted latency), 1/(adjusted latency), 
√(adjusted latency) and 1/√(adjusted latency) were all attempted). Because the outcome 
data consisted of continuous positive non-integers, use of a generalised linear model 
fitted using a Poisson, binomial or logistic distribution was inappropriate. Therefore 
nonparametric comparisons were used to analyse these data.  
To analyse within-subject variables (Interval, Box, Trial) the dataset was grouped by dog 
ID and by the variable of interest, and the mean adjusted latency for each dog at each 
interval, box or trial was calculated, and to analyse between-subjects variables the mean 
adjusted latency was calculated per dog, in order to avoid pseudoreplication. Mann-
Whitney U tests were performed to assess the effect of group on latency. Because the 
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dispersion of latency measurements between groups also appeared to be different, a 
Siegel-Tukey test was used to assess dispersion. Friedman tests were performed to 
assess the effect of within-subjects variables, and where these were significant at the 
given α-threshold for factors that consisted of more than two levels, individual levels of 
the factor were compared using Wilcoxon signed-rank post-tests. The effects of 
between-subjects factors were assessed using Kruskal-Wallis tests. Because of the large 
number of tests performed, Holm-Bonferroni adjustments (which have greater power 
and thus a lower risk of Type II errors than conventional Bonferroni adjustments (Holm, 
1979)) were made to the p-value significance thresholds (α) for each set of comparisons: 
For each result starting from that with the lowest (most significant) p-value (rank = 1), 
the α-threshold for significance was given by 0.05/((number of tests) – (p-value rank) +1) 
until the first non-significant result was reached, after which comparisons were stopped 
and all results with higher (less significant) p-values were declared non-significant 
(Holm, 1979). 
To assess the differences between age, body condition score and initial questionnaire 
scores for each group, Holm-Bonferroni-adjusted Mann-Whitney U tests were 
performed. To assess the differences between initial questionnaire scores for each 
owner-assigned and vet-assigned severity score of osteoarthritic dogs only (since all 
control dogs were assigned “none”), Holm-Bonferroni-adjusted Kruskal-Wallis tests were 
performed. 
Data were plotted in R using the ggplot2 package (Wickham, 2009). Effects of 
categorical factors analysed using nonparametric methods are expressed in the form of 
boxplots, with each box representing the median and interquartile range and whiskers 
representing data within 1.5 interquartile ranges from the upper or lower quartile. 
Outliers (more than 1.5 interquartile ranges from the upper or lower quartile) are not 
shown in order to restrict axis scales and allow clearer visualisation of data distributions, 
unless otherwise specified. Results of non-parametric tests are given as a relevant test 
statistic, p-value and degrees of freedom where provided by the test output. Model 
results are given as odds ratios with 95% confidence intervals (note that the odds ratio 
statistic is asymmetric and thus not at the centre of its confidence interval (Bland and 
Altman, 2000)), z- and p-values. 
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4.4.1 Signalment and Week 0 questionnaire scores: 
The mean age for control group dogs was 7.85 (95% CI =7.35-8.36) years and the mean 
age of osteoarthritic dogs was 8.10 (95% CI =7.42-8.78) years. The mean body condition 
score of control dogs was 4.67 (95% CI =4.25-5.08) and the mean body condition score 
of osteoarthritic dogs was 5.45 (95% CI =4.82-6.08). There were no significant 
differences in sex (Fisher’s exact test, p=0.0616) between groups. Owner and vet-
assigned severity scores are shown in Table 4.1. For 36 out of 41 dogs (87.8%), the 
owner and vet assigned the same severity score. One owner did not successfully 
complete the CCDR questionnaire, but the clinical history, task performance and 
observed behaviour of the dog were not suggestive of age-related cognitive decline, so 
the data collected for this dog were not excluded from the study. All other dogs had a 
CCDR score below the diagnostic threshold of 50, indicating that age-related cognitive 
decline was unlikely (Salvin et al., 2011), and were thus included in the study. 11/492 
trials (2.24%) were removed from the dataset prior to analysis due to ambiguity over 
which box was visited first by the dog. 
Table 4.1: Numbers of dogs with each subjective osteoarthritis severity score, as 
assigned by the owner and the examining veterinary surgeon. 
 
Vet-Assigned Severity Score 




None 21 1 0 0 22 
Mild 0 9 0 0 9 
Moderate 0 1 6 2 9 
Severe 0 0 1 0 1 
Total 21 11 7 2 41 
 
 
A significant difference between groups was found for HCPI score (U=39, p=1.39*10-5, α= 
0.00714), CBPI Severity score (U 56, p=2.57*10-5, α=0.01) and CBPI Interference score 
(U=49.5, p=1.84*10-5, α=0.00833), as shown in Figure 4.3. There was no significant 
difference between groups with respect to age (U=186, p=0.5284, Holm-Bonferroni 
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testing threshold reached), body condition score (U=140.5, p=0.0554, α=0.0125), SNoRE 
score (U=181, p=0.8109, Holm-Bonferroni testing threshold reached) or CBPI quality of 
life score (U=250, p=0.01497, Holm-Bonferroni testing threshold reached). There were 
no significant (Holm-Bonferroni-adjusted α-thresholds) differences in any week 0 
questionnaire score between osteoarthritic dogs of differing owner-assigned severity 
scores, and only CBPI Severity score (X2(2)=10.6, p=0.00503, α=0.01) was significantly 
different between osteoarthritic dogs of different vet-assigned severity scores. There 
was a significant difference in CBPI Severity scores of dogs with mild compared to 
moderate vet-assigned severity scores (U=3, p=0.00458, α=0.0167) but not between 
dogs with mild compared to severe (U=1, p=0.0491, α=0.025) or moderate compared to 
severe (U=4, p=0.8422, Holm-Bonferroni testing threshold reached) vet-assigned 
severity scores (note that only two dogs had a severe vet-assigned severity score). 
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Figure 4.3: Boxplots showing the differences between groups in questionnaire 
scores for week 0 (the week in which the disappearing object task was performed).  
Significant differences (Holm-Bonferroni-adjusted α-values) are marked with 
asterisks. Outliers (values more than 1.5 interquartile ranges from the upper and 
lower quartiles) are shown as individual points. 
 
4.4.2 Probability of Success: 
The potential predictor variables for which initial models were created are shown in 
Table 4.2. Of these, the only significant (p<0.1) predictors are shown in Table 4.3. 
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Table 4.2: List of predictor variables used in analyses.  
Predictor 
Variable 
Levels (if categorical) 
Reference level 
(if categorical) 
Group Control/Osteoarthritis Control 
Interval     
Box 1/2/3/4 1 
Trial     
Object Choice Ball/Squeaky toy/Own toy Ball 
Season Summer/Winter Summer 
SNoRE score     
HCPI score     
CBPI Severity 
score     
CBPI 
Interference 
score     
CBPI Quality of 
Life (QOL) score     
Sex Female/Male Female 
Age     
Body condition 
score (BCS)     
Analgesia 
provision Yes/No No 
Analgesia 
frequency None/Daily/Occasional None 
Analgesia type None/Non-steroidal/Other None 
Vet-assigned 
severity score None/Mild/Moderate/Severe None 
Owner-assigned 
severity score None/Mild/Moderate/Severe None 
Lameness score     
Joint Function 
score     
Levels and reference levels are given for categorical factors (shown in white). 
Continuous variables are shown in grey.  
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Table 4.3: Variables that significantly (p<0.1) predicted the probability of success in 




Lower CI Upper CI z p 
Interval 0.993 0.987 0.998 -2.337 0.0174 
Interval * Group  0.99 0.981 0.999 -2.248 0.0246 
Box 2 0.196 0.0754 0.511 -3.334 0.000857 
Box 2 * Group  6.27 1.82 21.6 2.908 0.00364 
Box 3 0.151 0.0585 0.392 -3.891 9.98*10-5 
Box 3 * Group 
interaction 4.38 1.31 14.7 2.394 0.0167 
Box 4 * Group 
interaction 3.74 0.996 14.5 1.911 0.056 
Trial 0.896 0.823 0.976 -2.531 0.0114 
Sex * Group  3.07 1.26 7.43 2.479 0.0132 
Age 0.782 0.589 1.04 -1.705 0.0882 
Owner-assigned 
severity score = "mild" 0.65 0.394 1.073 -1.684 0.0921 
Odds ratios with 95% confidence limits (CI), z and p-values are shown. 
The results of the multivariate model, including odds ratios, z-statistics and p-values, are 
shown in Table 4.4. Significant predictors (p<0.05) were group, interval, and box. 
Significant interactions with group were found for box, age and sex. The model had a 
dispersion statistic of 1.01, which is within the expected range for non-overdispersed 
models (0.75-1.4) (Korner-Nievergelt et al., 2015). Since the effects of owner-assigned 
severity score and group were unlikely to be independent (since all but one dog with a 
score of “None” were control dogs), the model was repeated without including owner 
severity to assess the effect of its inclusion (as shown in Appendix 4.4), however there 
was no change to the variables and factor levels that significantly predicted success at 
the threshold of p<0.05, so owner-assigned severity score was retained in the model. 
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Table 4.4: Odds ratios with 95% confidence limits (CI), z and p-values for the 
multivariate model of probability of success.  




CI z p 
Interval 0.992 0.985 0.999 -2.276 0.0228 
Box 2 0.190 0.072 0.502 -3.351 0.0008 
Box 3 0.145 0.052 0.408 -3.663 0.0002 
Box 4 0.655 0.225 1.912 -0.774 0.4392 
Trial 0.998 0.883 1.129 -0.027 0.9783 
Age 0.755 0.568 1.003 -1.939 0.0525 
Sex 0.724 0.358 1.464 -0.899 0.3686 
Owner-Assigned 




0.813 0.131 5.048 -0.222 0.8241 
Own r-Assign d 
Severity Score: 
Severe 1.198 0.116 12.380 0.152 0.8793 
Group 0.028 0.001 1.318 -1.819 0.0689 
Interval*Group 0.992 0.982 1.002 -1.619 0.1053 
Box 2*Group 6.630 1.793 24.522 2.835 0.0046 
Box 3*Group 6.027 1.503 24.165 2.535 0.0112 
Box 4*Group 4.063 0.976 16.911 1.927 0.0540 
Trial*Group 0.908 0.767 1.075 -1.118 0.2635 
Age:Group 1.471 0.992 2.180 1.920 0.0549 
Sex:Group 4.048 1.475 11.109 2.715 0.0066 
Statistically significant p-values (p<0.05) are highlighted in yellow. 
Whilst osteoarthritic dogs had a lower proportion of successful visits (mean = 0.674, 95% 
CI = 0.612-0.730) than control dogs (mean = 0.727, 95% CI = 0.668-0.779) overall, as 
shown in Figure 4.4, this was not significant. However there was a significant sex-by-
group interaction (see Figure 4.5). Mann-Whitney U tests found that female (U=58, 
p=0.0412), but not male (U=46, p=0.375) osteoarthritic dogs had significantly lower 
proportions of successful visits than control dogs of the same sex, as shown in Figure 
4.5. Whilst median scores for all clinical questionnaire components except for the CBPI 
QOL score were higher in female osteoarthritic dogs than in males, this effect was not 
significant (Holm-Bonferroni-adjusted α-thresholds) for any questionnaire score (as 
shown in Figure 4.6), nor was there any significant difference between the vet-assigned 
severity scores of male and female osteoarthritic dogs (Fisher’s exact test, p= 0.796). 
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Figure 4.4: Effect of group on proportion of successful visits.  
Graph shows means with 95% confidence intervals.  
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Figure 4.5: Effect of group and sex on proportion of successful visits.  
Graph shows means with 95% confidence interval error bars. Asterisks denote 
significant differences (p<0.05) compared to control dogs of the same sex. 
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Figure 4.6: Clinical questionnaire component scores for male and female 
osteoarthritic dogs. 
Outliers (values more than 1.5 interquartile ranges from the upper and lower 
quartiles) are shown as individual points. 
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Probability of success decreased with increasing interval as shown in Figure 4.7 (mean 
proportion of successful visits at 0s=0.859, 95% CI=0.797-0.904; mean at 60s=0.663, 95% 
CI=0.586-0.731; mean at 120s=0.576, 95% CI=0.498-0.650)), and there was no significant 
interaction between interval and group, with both osteoarthritic and control dogs 
showing similar decreases in probability of success with increasing interval duration, as 
shown in Figure 4.7. The model predicted that dogs would reach a probability of success 
of 0.25, the value expected if they were selecting which box to visit at random, at an 
interval of 269s. Control dogs were predicted to reach a probability of success of 0.25 
(equivalent to the success rate expected by chance if dogs were randomly selecting a 
box to visit each trial) at 340s, whereas osteoarthritic dogs were predicted to reach this 
threshold at a shorter interval of 223s. However, these predictions rely on extending the 
model beyond the range of observed data and thus may be inaccurate. 
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Figure 4.7: The effect of interval on predicted probability of success (A) overall and 
(B) for each group.  
Graphs show prediction lines in black or group-specific colours with grey or pale 
interquartile ranges. Points with error bars represent mean observed proportions of 
successful visits with 95% confidence intervals. Equations of linear regression lines 
for predicted values are also given. 
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Dogs were less likely to successfully find the object when it was hidden behind box 2 or 
3 compared to box 1, however this effect was only seen for control dogs and not for 
osteoarthritic dogs, who showed similarly low success rates when the object was hidden 
behind boxes 1, 2 and 3, as shown in Figure 4.8.  
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Figure 4.8: The effect of box on predicted probability of success (A) overall and (B) 
for each group.  
Graphs show means with 95% confidence intervals. Asterisks denote that a 
significant difference (p<0.05) compared to box 1 was found on the probability of 
success. † symbols denote that a significant group*box interaction was found for 
this box. 
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4.4.3 Adjusted latency to reach box: 
There was no significant effect of group on adjusted latency to reach the box (U=191, 
p=0.633), however the distributions of each group did significantly differ (Siegel-Tukey 
test; p=0.01185), with the adjusted latencies of osteoarthritic dogs showing greater 
dispersion and appearing much more positively skewed than those of control dogs, as 
shown in Figure 4.9. 
 
Figure 4.9: Boxplots showing adjusted latency to reach the box for each group. 
 
There was a significant effect of interval on adjusted latency (X2(2)=19.7, p=5.39*10-5), 
with significant differences between intervals of 0s and 60s (V=156, p=0.0214, α=0.025) 
and 0 and 120s (V=112, p=1.08*10-5, α=0.0167) but not between 60 and 120s (V=331, 
p=0.202, α=0.05). The effect of interval on adjusted latency was also significant for 
osteoarthritic dogs (X2(2)= 9.10, p=0.0106) and control dogs (X2(2)=12.9, p=0.00215) 
considered separately. The difference in adjusted latencies between 0s and 60s intervals 
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was significant for both osteoarthritic (V=50, p=0.0399, α=0.05) and control dogs (V=27, 
p=0.0118, α=0.025), and the difference in adjusted latencies between 0s and 120s 
intervals was also significant for both osteoarthritic (V=30, p=0.00365, α=0.0167) and 
control dogs (V=25, p=0.000852, α=0.0167), however the difference in adjusted latencies 
between 60s and 120s intervals was only significant for osteoarthritic dogs (V=42, 
p=0.0172, α=0.025) and not for control dogs (V=148, p=0.273, α=0.05). 
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Figure 4.10: Boxplots showing the relationship between interval and mean adjusted 
latency to reach the box visited for each dog. 
Significant differences occur between bars of the same colour that are not marked 
by the same letter. 
 
There was a significant effect of target box on adjusted latency to reach the box visited 
(Friedman X2(3) =11.25, p=0.0104). Wilcoxon signed-rank post-tests found a significant 
effect of hiding the object behind box 3 (V=203, p=0.00261, α=0.0167), but not boxes 2 
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(V=404, p=0.739, Holm-Bonferroni testing threshold reached) or 4 (V=356, p=0.341, 
α=0.025) on the adjusted latency to visit a box when compared to when the object was 
hidden behind box 1, with dogs taking longer to visit a box when the object was hidden 
behind box 3 than box 1, as shown in Figure 4.11. There were no significant differences 
between groups in the adjusted latency to reach the box visited for any target box at 
either the p<0.05 or Holm-Bonferroni-adjusted α-thresholds (Mann-Whitney U tests).  
 
Figure 4.11: Boxplots showing adjusted latency to reach the box.  
Asterisks denote significant differences (Holm-Bonferroni-adjusted α-values) 
compared to target box 1. 
 
There was a significant effect of trial on adjusted latency overall (X2(11)=48.6, 
p=1.13*10-6), and for both osteoarthritic (X2(11)=30.0, p=0.00157) and control dogs 
(X2(11)=22.3, p=0.0219) (see Figure 4.12) using the Prentice rank sum test; a modified 
version of the Friedman test that allows for incomplete datasets (due to the exclusion of 
trials with ambiguous outcomes) (Prentice, 1979, Wittkowski and Song, 2012). However 
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it was not possible to perform Wilcoxon signed-rank post-hoc tests to compare the 
adjusted latency to reach the box for individual pairs of trials due to missing values and 
unequal variable lengths between trials. 
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Figure 4.12: A scatterplot to show the correlation between trial number and 
adjusted latency to reach the box visited.  
Random horizontal jitter was applied to better differentiate points at the same trial. 
Regression lines with 95% confidence intervals (shaded areas) are shown to more 
easily visualise the effect of trial on adjusted latency for each group. 13 outlying 
points (twelve points from osteoarthritic dogs and one point from a healthy control 
dog) were excluded from this graph (but not from analyses) to allow clearer 
visualisation of the majority of points. 
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Kruskal-Wallis tests revealed no significant differences between adjusted latencies to 
reach the box for any between-subjects categorical variable (choice of object, season, 
sex, analgesia provision, analgesia frequency, analgesia type, vet-assigned severity score 
or owner-assigned severity score; Holm-Bonferroni-adjusted α-values). Of these, only 
season would have been significant at p<0.05 (X2(1)=5.5314, p=0.01868). There were no 
significant correlations between adjusted latency to reach the box and any continuous 
variable (body condition score, age, joint function score, lameness score, week 0 SNoRE 
score, week 0 HCPI score, week 0 CBPI Severity score, week 0 CBPI Interference score or 
week 0 CBPI Quality of life score) at either Holm-Bonferroni adjusted α-values or at α 
=0.05. 
4.5 Discussion: 
Because of the complexity of the analyses performed in this chapter, it is important to 
discuss not only the findings obtained but also the limitations of using mixed effects 
linear modelling to analyse such data. Therefore Section 4.5.1 of this discussion will 
discuss the findings in the context of existing literature, and Section 4.5.2 will discuss the 
methodological limitations relating to the analyses. 
4.5.1 Discussion of findings: 
4.5.1.1 Signalment factors: 
Osteoarthritic dogs had significantly higher week 0 CBPI Severity & Interference scores 
and HCPI scores than controls. This was expected as these questionnaires have 
previously been validated in their ability to detect pain and functional impairment due 
to osteoarthritis (Brown et al., 2007, Brown et al., 2008, Hielm-Björkman et al., 2009), 
therefore this shows that the dogs assigned by the vet to the "osteoarthritic" group 
based on clinical examination were experiencing more chronic pain and mobility 
impairments than those assigned to the control group, suggesting the vet was 
successfully able to distinguish dogs with chronic pain from osteoarthritis and healthy, 
pain-free control dogs. 
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4.5.1.2 The effects of group and sex on probability of success: 
Whilst osteoarthritic dogs did not have a significantly lower probability of successfully 
locating the object than control dogs overall, female osteoarthritic dogs did have a 
significantly lower probability of successfully finding the object than female control 
dogs, though there was no significant difference between male osteoarthritic dogs and 
male control dogs. This difference between sexes was unexpected, particularly as all of 
the dogs were neutered. It has been suggested that chronic pain may impair working 
memory by increasing the attention allocated to pain and decreasing that allocated to 
cognitive tasks (Apkarian et al., 2004a), and women have been found to experience 
significantly greater pain and physical disability due to osteoarthritis than men (Affleck 
et al., 1999, Keefe et al., 2000). Therefore it appears plausible that female osteoarthritic 
dogs may similarly experience more severe pain than male dogs and that this may 
impair their spatial working memory on the disappearing object task. Whilst the clinical 
questionnaire scores and vet-assigned severity scores were not significantly different 
between female and male osteoarthritic dogs, female osteoarthritic dogs did have 
higher median scores than males on the HCPI and both validated components of the 
CBPI, so it may be that female dogs tended to be in slightly more pain than males and 
that this slight effect may have caused sufficient distraction to the female dogs to have 
had a significant effect on their probability of success. Whilst all of these dogs were 
neutered, human women generally retain their ovaries, so are likely to have differences 
in gonadal hormonal concentrations compared to men, and these hormones may persist 
following the menopause even in older women (Key, 2011) who are more likely to have 
osteoarthritis (Felson, 1990, Hart et al., 1999). However, osteoarthritis in human women 
becomes more common, severe and generalised following the menopause (Lawrence et 
al., 1966, Silman and Newman, 1996, Wluka et al., 2000), and ovariectomised rats 
(Høegh-Andersen et al., 2004) and sheep (Cake et al., 2005) have been used as induced 
models of osteoarthritis, suggesting that ovariectomy in animals may potentially have 
similar osteoarthritis-inducing effects as the menopause in human women. Additionally, 
Ma et al. (2007) found that induction of a surgical model of osteoarthritis led to more 
severe osteoarthritic changes in female ovariectomised (neutered) mice than female 
entire (non-neutered) mice, but led to less severe osteoarthritic changes in male 
castrated mice compared to male entire mice, suggesting that neutering may have 
different effects on osteoarthritis severity depending on sex. Therefore it seems 
plausible that neutered female dogs may similarly have an increased risk of developing 
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osteoarthritis and potentially more severe symptoms (although whilst the osteoarthritic 
group in this study contained a higher proportion of female dogs than the control group, 
the differences in distribution were not significantly different from those expected from 
chance, and whilst osteoarthritic female dogs had slightly higher median scores on 
validated clinical questionnaire components than male osteoarthritic dogs, this 
difference was not statistically significant).  
However, the effect of gender on osteoarthritis pain severity in humans may be due to 
increased pain catastrophising (the tendency to focus disproportionately on pain as a 
threat and to underestimate one's ability to cope with pain) in women (Keefe et al., 
2000), a phenomenon which has not been shown to occur in non-human animals. 
Furthermore, human women may also experience differences in pain perception or 
expression due to cultural gender norms that are unlikely to exist in non-human species 
such as dogs. Sex-related differences in nociception have been found to occur in 
rodents: Female rats demonstrate increased responses to several nociceptive assays 
compared to males (Wiesenfeld-Hallin, 2005), with female entire rats showing more 
prolonged behavioural responses to formalin injection (leg-flexing and licking) than 
males (Aloisi et al., 1994), though nociceptive sensitivity in female rats varies throughout 
the oestrus cycle (Frye et al., 1993). Additionally, the administration of oestrogen and 
progesterone was found to increase nociception (rats showed decreased weightbearing 
and increased paw lifting and licking), whilst the administration of testosterone was 
found to decrease nociception, in response to formalin injection in both male and 
female gonadectomised rats (Gaumond et al., 2005), suggesting that gonadal hormones 
may be responsible for sex-related differences in nociception. However, in a separate 
study it was found that whilst entire male and female rats differed in their responses to 
formalin, there was no difference between castrated male rats and ovariectomised 
female rats (Gaumond et al., 2002), suggesting that there are no persistent sex-related 
changes in nociception following neutering. However, the mechanisms involved in 
nociception differ from those involved in chronic pain (see Chapter 1), so these findings 
may not be generalisable to the current study.  
Whilst it is theoretically possible that neutered animals may retain sex-related 
differences in chronic pain due to the persistence of congenital or developmental 
changes that occurred prior to neutering, or that female neutered dogs may undergo 
processes similar to the menopause in humans that increase their risk or severity of 
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osteoarthritis, further research is needed to test this hypothesis. Additionally, recruiting 
entire dogs as well as neutered dogs in future studies would allow investigation into 
whether the sex differences observed in this study differ in entire compared to neutered 
dogs. 
In both humans and rodents, performance in spatial tasks is generally lower in females 
than males (Jones et al., 2003), and in a virtual-reality holeboard task women made 
more spatial reference memory errors than men (this version of the task did not assess 
spatial working memory) (Cánovas et al., 2008). Therefore it is possible that female dogs 
found the task more difficult than male dogs and that the distraction provided by pain in 
female osteoarthritic dogs was sufficient to impair their performance, whereas 
osteoarthritic male dogs found the task easier and thus the distraction provided by pain 
was not sufficient to impair their performance. Whilst there was no significant 
difference between the performance of male and female control dogs, this could be 
because without the distraction provided by pain, the task may not have been 
sufficiently difficult that sex differences in spatial reasoning caused impaired 
performance in female dogs, alternatively female control dogs that were not 
experiencing any distraction due to pain may have been able to focus more attention on 
the task than female osteoarthritic dogs, and thus perform similarly to males. However 
it is not known whether female dogs display similar deficits in spatial task performance 
compared to male dogs as those seen in humans and rodents, nor whether these 
deficits would persist after neutering, therefore further research is needed on the 
effects of sex and neutering on spatial task performance in dogs to assess whether this 
explanation for the interaction between sex and group on score is plausible. 
Because of the surprising nature of this result, it would also be useful to repeat this 
experiment using a different cohort of dogs to assess whether the observed difference 
between probabilities of success in female and male osteoarthritic dogs was 
generalisable to a wider population, or whether it was merely a characteristic of this 
particular group of recruited dogs. 
4.5.1.3 The effect of group on adjusted latency: 
There was no overall effect of group on adjusted latency to approach the box visited, 
though adjusted latencies for osteoarthritic dogs showed significantly greater dispersion 
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than those of control dogs. This could be because of the relative lack of homogeneity of 
pain within the osteoarthritic group: Whilst all control dogs would be expected to have 
similarly negligible levels of pain, the osteoarthritic dogs varied in the severity of their 
osteoarthritis-related pain, as shown by their differing owner- and vet-assigned severity 
scores. Whilst there was no overall effect of osteoarthritis on the adjusted latency to 
approach a box, with the majority of osteoarthritic dogs behaving similarly to control 
dogs, some dogs with osteoarthritis did show increased adjusted latencies to reach the 
box, as shown by the positive skew of the osteoarthritic group's adjusted latencies. 
However there was no significant effect of owner- or vet- assigned severity score, or of 
any of the questionnaire scores designed to give a more quantitative score of the 
severity of chronic pain from osteoarthritis, on the adjusted latency. This implies that 
there may be an unknown factor other than osteoarthritis severity that differed more 
within the osteoarthritic than the control group and decreased the adjusted latency to 
reach a box in a subset of osteoarthritic dogs. It is possible that future large-scale studies 
on the epidemiology of canine spontaneous osteoarthritis may be able to identify 
additional factors of importance that were omitted from this study. It is also possible 
that there were insufficient numbers of more severely affected osteoarthritic dogs 
recruited to show an effect of these measures of severity on adjusted latency in 
statistical tests even if such an effect did exist; over half of the dogs recruited had a vet-
assigned severity score of "mild" and only two were assigned "severe". It may be 
worthwhile repeating the study with larger numbers of moderately to severely affected 
dogs in order to better identify the effects of osteoarthritis severity. However it appears 
from the very small numbers of severely affected dogs recruited in this study and the 
study described in Chapter 2 that such dogs are much more difficult to recruit, possibly 
because most dogs that would otherwise be severely affected generally receive 
analgesic medication that reduces the severity of their osteoarthritis as assessed during 
the study (or are excluded due to receiving such medication, as in Chapter 2), and 
possibly because owners may be reluctant to volunteer more severely affected dogs to 
participate in studies, perhaps due to welfare concerns or beliefs that these dogs would 
be less motivated to participate in behavioural tasks. 
4.5.1.4 The effect of interval duration on probability of success: 
Both groups of dogs showed a reduced probability of success with increasing duration of 
the interval between the object being hidden and the dog being allowed to retrieve it. 
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This shows that the task functioned as expected, with dogs' spatial working memory for 
the object location decreasing over time. This also suggests that the lower success rate 
observed in osteoarthritic dogs compared to control dogs (although this was significant 
only in female dogs and not males or overall) was consistent and did not increase with 
increasing intervals. This would suggest that the mechanism by which working memory 
is decreased in female dogs with chronic pain from osteoarthritis may not be due to 
hypervigilance to pain and a corresponding decrease in attention to cognitive processes, 
one mechanism proposed to explain the negative cognitive effects of chronic pain in 
humans (Crombez et al., 2004, Legrain et al., 2009): If osteoarthritic dogs were more 
inattentive than control dogs it would be expected that their success rate would be 
more similar to that of control dogs at lower intervals when only short periods of 
attention are required, and comparatively lower at longer intervals when dogs must pay 
attention for longer to successfully recall the object location. Similarly, in one human 
study, Apkarian et al. (2004a) found that whilst chronic pain patients showed similar 
attention, short-term memory and general intelligence skills as healthy demographically-
matched controls, their ability to recognise patterns and thus select the most profitable 
outcomes in the Iowa Gambling Task was markedly lower, with chronic pain patients 
making more apparently random decisions than controls (Apkarian et al., 2004a). It is 
possible that the female osteoarthritic dogs in this study were behaving similarly and, 
whilst they were similarly capable of paying attention as the female control dogs, were 
less able to learn and remember the relevant associations between choice of box and 
outcome (i.e. that visiting the box behind which the object was hidden resulted in a food 
reward and/or obtaining the object (which some dogs appeared to find more 
rewarding), whereas visiting another box resulted in being restrained ready for the next 
trial and being unable to continue searching), even after the training phase. Apkarian et 
al. (2004a) attributed this change to deficits in the prefrontal cortex, as the Iowa 
Gambling Task was designed for and validated in its ability to distinguish patients with 
prefrontal cortex injury from those without (Bechara et al., 1994). In another study, 
Apkarian et al. (2004b) also showed that humans with chronic back pain have decreased 
grey matter in the prefrontal cortex, the extent of which was proportional to the 
duration of chronic pain experienced by these patients (Apkarian et al., 2004b). In this 
study, dogs with osteoarthritis were not behaving truly randomly, as their success rates 
at all intervals were above that expected by chance and their success rate did decrease 
with increasing interval in a similar pattern as control dogs, suggesting that they were 
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primarily using their working memory to perform the task (Fiset et al., 2003). However, 
it is possible that an increased randomness in choices, or decreased ability to learn and 
consistently recall the associations between their choices and outcomes, as seen in the 
human patients studied by Apkarian et al. (2004a), could explain the relative poorer 
performance of female osteoarthritic compared to female control dogs at each interval. 
It would therefore be interesting to use MRI techniques in order to compare the 
prefrontal cortex sizes of dogs with and without osteoarthritis to assess whether grey 
matter in the prefrontal cortex is also reduced in dogs with chronic pain, and whether 
this varies between male and female neutered dogs. Due to the variation in size and 
shape of dogs' heads, this would require osteoarthritic dogs to be matched with controls 
of the same breed and approximate size and would probably require sedation to 
prevent excessive movement during scanning, but this should not be infeasible to 
perform given that MRI in dogs is routinely performed for veterinary diagnostic 
purposes.  
An alternative and perhaps more straightforward hypothesis is that the difference in 
success rate between female osteoarthritic and control dogs is genuinely due to 
impaired working memory in female osteoarthritic dogs, but that this impairment is not 
proportional to attention span, and thus has a similar effect at each interval. Whilst 
evidence suggests that working memory and attention are closely linked in humans 
(Lavric et al., 2003, Martinussen et al., 2005, Dick and Rashiq, 2007), these studies did 
not differentiate selective, sustained and divided attention as is commonly done in 
animal studies (Muir, 1996), and Zanghi et al. (2015) found that dogs that had higher 
spatial working memory scores as assessed in a delayed non-matching to position task 
did not show higher selective attention scores as assessed using a novel visual search 
task with incorrect distractor objects (however, in humans selective attention appears to 
be a distinct construct from sustained attention (Underbjerg et al., 2013), which is 
required in the disappearing object task, so these attentional constructs may also be 
distinct in dogs). 
4.5.1.5 The effect of interval duration on adjusted latency: 
There were significant differences in time taken to reach the box between intervals of 0s 
and intervals of 60s and 120s, both for all dogs combined and for both control dogs and 
osteoarthritic dogs considered separately. This is unsurprising as increased reaction time 
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in human cognitive studies is thought to occur due to lapses in attention or working 
memory (Schmiedek et al., 2007), and since the success rate of dogs also decreases with 
interval in this task it appears that dogs’ working memory for the object location is 
indeed decreased with increasing interval. It is also possible that the increase in latency 
with longer intervals could be due to dogs becoming distracted from the task during 
longer intervals and then requiring a period of time to refocus their attention on the 
task – a process known as “set-shifting” (Lang et al., 2014), which increases the time 
taken to perform cognitive tasks (Alport et al., 1994). 
4.5.1.6 The effect of trial number on adjusted latency: 
The adjusted latency to reach the box increased with subsequent trials, overall and for 
both groups assessed separately, however there was no significant effect of trial on 
probability of success in the multivariate model. It is possible that dogs were becoming 
more physically exhausted with subsequent trials and thus taking progressively longer to 
reach the box as a proportion of their mean training phase latency, whilst still 
maintaining sufficient attention to perform the task effectively. Alternatively, dogs may 
have become less motivated to obtain the object in later trials compared with training 
trials (from which the baseline latency for each dog was calculated), as dogs received 
successive food rewards and became more satiated as the session progressed. Findings 
from previous studies support this concept: Pigs fed a lower proportion of their usual 
food intake show increased performance of food-rewarded behaviours than pigs fed 
their full ration (Lawrence and Illius, 1989), and the maximum “cost” (measured in 
number of nose pokes to a panel) that pigs are willing to incur in order to obtain food 
increases as the proportion of the pig’s ad-lib food intake they are fed beforehand 
decreases (Patterson-Kane et al., 2011). Similar effects have also been observed in food-
restricted rats (Ostlund et al., 2011) and gibbons (Berkson, 1962), as well as in 
genetically obese mice (which have impaired satiety mechanisms and are thought to be 
in a persistent hunger-like state) (Atalayer and Rowland, 2011). Therefore it is possible 
that the dogs in this study became less motivated to obtain further food rewards the 
more trials they had completed and the more food rewards they had already obtained, 
and thus approached the box more slowly in later trials. 
Chapter 4: Comparison of spatial working memory in dogs with and without chronic pain 
from osteoarthritis using the disappearing object task 
200 
 
4.5.1.7 The effect of box on probability of success: 
Overall, and in the control group, dogs were less likely to successfully find the object 
when it was hidden behind one of the middle boxes than when it was hidden behind 
one of the outer boxes. As in the study described in Chapter 3, this is likely to be 
because the outermost boxes were likely to be nearer to environmental cues such as 
walls or furniture, which better allowed the dog to distinguish them. Similarly, the boxes 
in the middle were adjacent to identical boxes on both sides whereas the outer boxes 
were only adjacent to an identical box on one side, which may have meant that it was 
more difficult to distinguish the inner boxes from each other. Dogs have previously been 
found to be able to use allocentric cues (cues relating one object location, such as a box, 
to another object location, such as a wall, independently of the organism location or 
orientation (Klatzky, 1998)) to solve spatial tasks (Milgram et al., 1999), so it would not 
be surprising for them to do so in this case. Additionally, the owner’s homes generally 
contained more identifiable features that could be used as allocentric cues than the 
arena used in Chapter 3, and these are also likely to have been more familiar to the dog 
than those present in an unfamiliar arena, so it would have been difficult to remove this 
effect. Alternatively, as described in Chapter 3, it may be that dogs were using body-
orienting or turning strategies to visit the target box: Gutnikov et al. (1994) found that 
rats were more likely to correctly nose-poke an outer target chamber than an inner 
target chamber in a nine-hole box because they used a strategy that involved turning in 
a certain direction and choosing the first location they encountered. During the interval, 
dogs were restrained by E2 to prevent movement or overt orienting of the body and the 
barrier prevented dogs from having visual contact with the target box, but dogs may 
have been able to use more subtle orienting strategies to aim towards the location of 
the target box even when restrained and unable to see that location. However, since 
each box was used the same number of times for each interval, and the same order of 
box and interval combinations was used for all dogs, the effect of box should not have 
affected the probability of success for interval or for between-subjects factors.  
It was somewhat surprising that this effect did not occur for osteoarthritic dogs, 
however. It is possible that osteoarthritic dogs were less able to use allocentric cues to 
solve spatial working memory tasks than control dogs and thus their proportion of 
successful visits for box 1 was not significantly higher than boxes 2 or 3. Christie et al. 
(2005) found that dogs’ learning of a landmark-based spatial task using allocentric cues 
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(the position of a container relative to a small wooden peg) and reversal learning in a 
spatial discrimination task using egocentric cues (cues relating to the dog’s orientation 
relative to the environment (Klatzky, 1998), in this case the position of a container 
relative to the dog) decreased with age, and there was significant intra-subject 
correlation between performance in each task, suggesting that there may be a common 
mechanism that influences both forms of learning and is affected by age (Christie et al., 
2005). The prefrontal cortex is particularly sensitive to age-related changes in humans 
(Raz et al., 1997) and dogs (Tapp et al., 2003, cited in Tapp et al., 2003), and changes in 
this region are thought to be responsible for the spatial memory impairments seen in 
aged dogs (Head et al., 1995, Tapp et al., 2003, Christie et al., 2005). Because decreased 
prefrontal cortex volume also occurs in humans with chronic pain (Apkarian et al., 
2004b), who also show impaired working memory (Berryman et al., 2013), it is possible 
that chronic pain from osteoarthritis in dogs may have an effect similar to that of age, 
reducing both spatial working memory in a task using egocentric cues, causing an 
decreased success rate in female dogs in the disappearing object task, and also reducing 
the ability to use allocentric cues to recall an object location, causing a decreased ability 
to recall the object location when hidden behind one of the outer boxes. The effect of 
osteoarthritis on spatial tasks requiring use of allocentric cues could be investigated by 
comparing performance of osteoarthritic and healthy control dogs in the landmark-
based task described by Christie et al. (2005), however since this task required 
prolonged training of up to 400 trials (40 days) (Christie et al., 2005), it was infeasible to 
perform in this study. 
4.5.1.8 The lack of significant effects of age on task performance: 
The probability of success did not significantly decrease with increased age and there 
was no significant correlation between age and adjusted latency to reach the box. This 
was surprising given previous findings that older dogs have impaired working memory: 
Snigdha et al. (2012) found that older dogs performed more errors in a two-choice 
discrimination task than younger dogs, and made a lower proportion of correct choices 
in a visual search task (Snigdha et al., 2012). Tapp et al. (2003) also found that older dogs 
made more errors on a spatial list learning paradigm. This was a form of delayed non-
matching to position task in which dogs had to recall several previous stimulus locations 
and instead select the stimulus presented at a novel location to receive a reward) at 
intervals of 10 seconds between stimulus presentation events. Old dogs (but not young 
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dogs) were unable to successfully learn the task when longer intervals between stimulus 
presentation events were used (Tapp et al., 2003). Similarly, Rypma and D'Esposito 
(2000) found that older human volunteers had longer response times in a letter recall-
based task of working memory than younger volunteers, and fMRI analysis found that 
younger participants had increased dorsolateral prefrontal cortex activation than older 
participants during recall (Rypma and D'Esposito, 2000), suggesting that the observed 
working memory deficits were due to age-related dorsolateral prefrontal cortex changes 
(Rypma and D'Esposito, 2000).  
It is possible that the effect of chronic pain from osteoarthritis on probability of success 
may have masked the effect of age in osteoarthritic dogs: Apkarian et al. (2004b) found 
that human chronic back pain patients had 5-11% less grey matter in the prefrontal 
cortex than age-matched healthy controls, representing the equivalent of 10-20 years of 
normal aging, and that the extent of grey matter loss was proportional to the duration 
of chronic pain (Apkarian et al., 2004b). It is possible therefore that older osteoarthritic 
dogs were not the most severely affected (there was no significant relationship between 
age and HCPI score or owner- or vet-assigned severity scores, as shown in Appendix 4.5) 
or may not have been the dogs that had experienced chronic pain for the longest 
periods, and these factors may have had more of an effect on the osteoarthritic dogs' 
probabilities of success than age. However, chronic pain from osteoarthritis only had a 
significant effect on probability of success in female osteoarthritic dogs and not in males 
or overall, so its seems unlikely this effect would have masked the effect of age in all 
osteoarthritic dogs, and no effect of chronic pain would have been present in control 
dogs. Therefore this phenomenon would not explain why there was no significant effect 
of age in control dogs (since there was neither an overall effect of age nor an age-by-
group interaction).  
It is also possible that the age range of dogs recruited for this study was sufficiently 
narrow to prevent detectable effects of age on working memory. In studies that found 
an effect of age on working memory in dogs, there was a considerably greater age 
difference between the older and younger groups of dogs than the range of ages of dogs 
in this study: Snigdha et al. (2012) compared dogs aged 3-5 years with those aged 11-16 
years, Tapp et al. (2003) compared dogs aged 3-7 years with those aged 10-15 years, 
and Adams et al. (2000) compared dogs aged 1-3 years with those aged 8-12 years. Since 
this study contained no dogs younger than 5 years and no dogs older than 11 years, it 
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seems reasonable that such effects of age on working memory would not be detectable 
within such a narrow range of ages. This study restricted recruitment to dogs no older 
than 11 years in order to reduce the risk of age-related cognitive decline, as this is likely 
to affect working memory in dogs (Adams et al., 2000, Tapp et al., 2003, Snigdha et al., 
2012). Since all dogs recruited had CCDR scores much lower than the threshold 
indicative of probable age-related cognitive decline, it appears this age restriction was 
successful at preventing dogs with age-related cognitive decline from being recruited, 
therefore this is likely to explain the lack of a significant effect of age on probability of 
success or adjusted latency to reach the box in the disappearing object task. 
4.5.1.9 The lack of significant effects of or between-group differences in 
SNoRE scores: 
There was no significant effect of SNoRE score on the predicted probability of success 
and no significant correlation between SNoRE score and adjusted latency to reach the 
box. This was surprising as previous studies in humans indicate that sleep impairment is 
associated with impaired working memory (Steenari et al., 2003, Chee and Choo, 2004). 
It was also surprising that there were no significant differences in SNoRE scores between 
osteoarthritic and control dogs, with both groups having very similar median scores and 
score distributions, given that previous studies in humans (Wilcox et al., 2000, Taylor‐
Gjevre et al., 2011) and rodent models (Landis et al., 1989 , Silva et al., 2008) have found 
evidence of impaired sleep in osteoarthritis, and that nonsteroidal analgesia increased 
sleep quality as measured by the SNoRE score in osteoarthritic dogs (Knazovicky et al., 
2015), implying that chronic pain from osteoarthritis is likely to impair sleep in dogs also. 
However, whilst the SNoRE was successfully able to detect a significant difference in 
sleep quality in osteoarthritic dogs receiving nonsteroidal analgesia compared to 
placebo or baseline (Knazovicky et al., 2015), it is not a fully validated questionnaire and 
therefore may not be an ideal method of sleep assessment in dogs. It relies on 
subjective owner judgements of their dogs’ sleep quality and is therefore not an 
objective method of assessing dogs' sleep, and additionally owners are also likely to 
have been sleeping during the night and as such would have been unable to 
continuously monitor their dogs, thus they may potentially have missed some of the 
signs of poor sleep quality described on the SNoRE questionnaire, such as pacing and 
vocalising. Additionally, it is likely that many owners did not sleep in the same room as 
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their dogs overnight, and may have made assumptions about their dogs overnight sleep 
behaviour based on observations of their behaviour whilst resting earlier in the day, 
which may not be representative of overnight sleep. It may be possible that other 
methods of assessing sleep, such as actigraphy or polysomnography, may have been 
sensitive enough to have detected an effect of sleep on working memory and 
differences in sleep between osteoarthritic and control dogs, however because 
polysomnography requires advanced apparatus, facilities and analysis techniques, it is 
not feasible to perform in dogs owned by members of the public. Actigraphic 
measurement of rest duration in the same sample of dogs (with the exception of one 
osteoarthritic dog participating in this study and not the study described in Chapter 5, 
and one osteoarthritic dog participating in the study described in Chapter 5 and not in 
this study) over a period of four weeks was performed in the month-long study 
described in Chapter 5 alongside the SNoRE questionnaire. However, due to logistical 
and time constraints it was decided to perform the disappearing object task first and to 
show owners how to set up the actigraphic recording system (and thus begin the period 
of actigraphic recording) afterwards, so that only one visit was required per dog for both 
studies.  
4.5.2 Methodological limitations: 
4.5.2.1  Risk of Collinearity: 
As well as the findings, it is also important to discuss the methodological issues with this 
study. One potential problem with multivariate analyses is the potential for collinearity; 
where the predictors are not independent and the effect of one predictor can be 
predicted from the effect of another, therefore making it statistically impossible to 
separate the effects of these variables (Dormann et al., 2013). This increases the 
variance of parameter estimates made using regression algorithms, potentially leading 
to increased type II errors and the failure to identify significant predictor variables 
(Dormann et al., 2013). Whilst the car package (Fox and Weisberg, 2011) contains the 
ability to identify collinear variables using the vif() (Variable Inflation Factors) function, 
this is currently only applicable to linear and general linear models (lm and glm object 
types) and not to mixed-effects models (lmer or glmer object types) (Fox and Weisberg, 
2011). However, of the variables added to the multivariate model, only three were 
continuous (age, interval and trial). Because trial and interval were within-subjects 
measures and each dog had the same number of trials at each interval, and in the same 
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order, age could not have been collinear with these. Whilst correlation does not 
necessarily imply collinearity, factors that are highly correlated are more likely to be 
collinear (Dormann et al., 2013), and there was not a significant correlation between 
trial number and interval (t(10) = 1.44, p = 0.181; Pearson’s rather than Spearman’s test 
was used as collinearity is only a problem if the variables are highly linearly correlated 
(Dormann et al., 2013)), indicating that collinearity is not likely to be a problem for this 
model. 
4.5.2.2  Assumption that relationships are linear: 
As with the study described in Chapter 3, the mixed effects generalised linear model 
method assumes that the relationships between the predictors and outcome variable 
are linear, therefore one limitation of this method is that it does not have the ability to 
identify higher-order (quadratic, cubic etc.) effects on the outcome variable. One 
software package that has the ability to investigate these relationships is MLwiN 
(Charlton et al., 2017), however this requires prolonged training to learn and its user 
interface requires interpretation and manipulation of complex mathematical formulae. 
In comparison, the lme4 package (Bates et al., 2015) is advantageous in that it is 
relatively straightforward to generate and manipulate models, runs within the simple 
command-line user interface of RStudio (RStudio Team, 2016), and is compatible with 
many other data manipulation, exploration and analysis packages and functions for R (R 
Core Team, 2014, Bates et al., 2015, Koller, 2016). This allows data import, cleaning, 
manipulation, exploration, model generation, assumption testing and figure generation 
to be performed flexibly within the same script file using the same widely-used and 
documented software and coding language (R Core Team, 2014, RStudio Team, 2016). 
Additionally, it is not entirely clear whether the detection of non-linear effects would 
meaningfully add to the interpretation of these data; in this study the primary interest 
was in assessing whether certain variables (especially group and interval) had an effect 
on probability of success and if so in which direction, rather than using the models 
generated to predict the probability of success of a different group of dogs in the future, 
which might require a more accurate identification of the exact nature of the 
relationships between predictors and success rate. 
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4.5.2.3  Risk of overfitting: 
One limitation of studies of this type with many potential predictor variables is the 
potential for overfitting, which refers to the generation of a model that describes the 
data from the sample well but is not generalisable to the wider population; i.e. 
apparently significant findings that are in reality due to variation within the sample 
recruited rather than a genuine population-level effect of the variable(s) that appear 
significant. Overfitting becomes more likely with the more predictors that are involved 
in the model, because fewer observations exist per predictor (Babyak, 2004). Babyak 
(2004) suggests that there should optimally be around 10-15 observations per predictor 
variable included in the model to limit this risk, however recruiting such large samples is 
likely to be more feasible for ecological or epidemiological studies than for studies such 
as this requiring behavioural testing of individual animals. Additionally, quantifying the 
number of “observations” within a mixed-effects model is not straightforward due to 
the nested variable structure: Whilst this dataset contained 481 observations overall (12 
trials for each of 41 dogs, with 11 trials in which the outcome was ambiguous being 
removed prior to analyses) and 14 fixed-effects and one random effect were included in 
the final model, many of these predictors were between-subjects factors and would 
therefore have had fewer observations each than within-subjects factors such as 
interval, which decreases further when subjects are divided between smaller subgroups 
to assess the effect of categorical variables. Additionally, whilst this study has merit as 
the first study to identify preliminary evidence of spatial working memory deficits in 
dogs with osteoarthritis, and to show that the disappearing object task is able to detect 
such differences between groups of dogs, it used only 20-21 dogs per group and all of 
these came from Southwest England. Therefore it would be wise to treat these results as 
more suggestive than confirmatory until a similar study can be performed with a larger 
number of recruited dogs, as it is possible that these findings may not be generalisable 
to the wider population. 
4.5.2.4  Model selection techniques: 
The use of initial “univariate” (usually bivariate with one predictor and one outcome 
variable) models for each potential predictor variable in order to select the variables 
with p-values below a certain threshold for addition into multivariate models is a well-
established practice within the biomedical sciences (for example: Alves et al., 2002, 
Kooby et al., 2003, Bogaert et al., 2005, Sterling et al., 2006, Wai et al., 2006) as it allows 
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an easy method for screening variables likely to have a significant effect on the outcome 
of the study, decreasing the number of unnecessary variables, reducing the likelihood of 
including collinear variables and decreasing the computational power required for the 
multivariate model. Because in this study we were also interested in the effect of the 
interaction between each variable and group, this interaction was also included in the 
initial models so that factors without a significant main effect but a significant effect of 
the interaction with group on the probability of success would not be omitted from the 
multivariate model. 
Many researchers have historically used "stepwise regression" following univariate pre-
screening to further simplify the final model (for example: Alves et al., 2002, Kooby et 
al., 2003, Bogaert et al., 2005, Sterling et al., 2006). This involves using an automated 
procedure to either iteratively add variables to the multivariate model and retain those 
that are significant (usually at p<0.05) (forward selection), iteratively remove variables 
until only those that are significant remain (backward elimination) or a combination of 
adding factors and assessing whether factors that then become non-significant can be 
removed (often called stepwise regression – however this term is also used to refer to 
all three methods more generally) (Whittingham et al., 2006). However there are many 
problems with this method of variable selection: Firstly, the specific type of algorithm 
used (forward, backward or stepwise) and the order in which variables are added and/or 
removed can have a significant effect on the final model that is selected (Derksen and 
Keselman, 1992, cited in Whittingham et al., 2006), which means that the findings may 
not be reproducible even when repeating analyses using the same dataset. Additionally, 
the sampling distribution in a multivariate model fitted by stepwise regression is often 
unrepresentative of the true expected sampling distribution (Whittingham et al., 2006). 
Furthermore, stepwise regression would increase the total number of tests performed in 
the analysis (Babyak, 2004, Whittingham et al., 2006), leading to a reduction in the 
degrees of freedom that is not reported in the output from the final model (Babyak, 
2004), and increasing the risk of overfitting (Babyak, 2004, Whittingham et al., 2006). In 
a simulation study, Steyerberg et al. (2001) found that stepwise regression methods 
were more prone to overfitting (incorrectly identifying a significant effect of a variable 
that had no relationship with the outcome) than use of a simultaneous model 
(containing all covariates), even when large numbers of observations per variable were 
used (Steyerberg et al., 2001). Additionally, the "best model" identified by a particular 
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stepwise regression method may not fit the data markedly better than other models 
that may show different results (Whittingham et al., 2006). 
Using a simultaneous model based on adding factors that were significant when 
considered in initial models does not avoid all of the pitfalls of stepwise regression: It 
still generates a single model that may not be much better than alternative models, and 
there is also the issue that factors that are significant in initial "univariate" models may 
become insignificant when other variables are added, and likewise variables that are not 
significant in univariate models may become significant when other variables are added 
and thus their effects could be missed (Babyak, 2004, Dormann et al., 2013). 
Additionally, whilst univariate pre-screening initially appears to increase the 
observation:predictor ratio in the final model and increase the degrees of freedom, 
Babyak (2004) argues that any prior calculation using the same dataset as the final 
model, including univariate pre-screening, effectively reduces the degrees of freedom in 
a largely unnoticed manner and thus does not actually reduce the risk of overfitting in 
comparison to an a priori model specification. However, avoiding the additional 
stepwise regression stage of variable selection reduces the number of statistical tests 
performed and thus avoids further increasing the risk of overfitting (Steyerberg et al., 
2001, Babyak, 2004). Additionally, assessing the significance of each variable in a 
separate initial model as the criterion for adding to the multivariate model, rather than 
assessing each successive factor added to the multivariate model once it is added (as is 
performed in stepwise regression), means that the significance of the variables added to 
the model is not altered by the order in which the variables are added and thus avoids 
the potential for inconsistent and non-replicable results. In addition, the methods used 
in this analysis had the advantage of being relatively straightforward to perform without 
the need for further training courses, statistical, mathematical or computer 
programming qualifications, specialist software or hardware, or cross-departmental 
collaborations with specialists in the statistical or computer sciences. Additionally, these 
methods were capable of being described in terms that could be easily understood by 
other researchers within the behavioural and veterinary sciences, who may be 
unfamiliar with more novel and specialised analysis techniques and who also may lack 
advanced training in mathematics or computer science. 
There are also other more modern methods of model selection that were not utilised in 
this study: The Akaike information criterion (AIC) avoids many of the issues with 
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stepwise regression by combining a measure of model fit with penalisation for inclusion 
of large numbers of variables to assess models both on quality of fit and simplicity, with 
lower AIC values representing higher quality models (Whittingham et al., 2006). The R 
package glmulti (Calcagno, 2013) can be used for automated generation of all possible 
models including some-all of the variables provided and ranking of these via their AIC 
values. However, whilst the package is compatible with lmer-type models generated in 
lme4 (Calcagno, 2013), it does not appear to have an inbuilt ability to specify a mixed-
effects logistic regression model (all attempts to run the relevant function with a glmer-
type model failed), and also does not include a straightforward method to include only a 
small number of interaction criteria, such as those with group, as it would be 
advantageous to exclude all variable interactions that did not make sufficient sense from 
a scientific standpoint. However, the use of AIC-driven model selection from large 
numbers of potential candidate models would be an interesting potential use of these 
data, as it would inform whether the model selected was truly the "best" model and 
whether some models described the data markedly better than others, and would 
provide an excellent opportunity to collaborate with computer scientists and/or 
statisticians with the ability to write the functions and packages required for this 
purpose and to assess their validity within modern statistical understanding.  
An alternative to the AIC is the Bayesian Information Criterion or BIC. This identifies the 
best model (or average of several best models (Posada and Buckley, 2004)) using 
Bayesian statistics (Weakliem, 1999); an alternative to frequentist statistics that is 
particularly useful for revising probability distributions from previous studies (“Bayesian 
Priors”) based on new information (Ellison, 1996), and also has the advantage of 
accounting for uncertainty by providing probability parameters for each finding, rather 
than assessing them against a particular statistical significance threshold (Ellison, 1996). 
Since there have been no previous studies assessing the probability of success in this 
task in dogs with osteoarthritis or other sources of chronic pain, or how the 
presence/absence of chronic pain or osteoarthritis interacts with the effect of other 
factors on probability of success, there is not any sufficiently relevant prior information 
to make the use of Bayesian statistics particularly advantageous in this case, and since 
the previous studies described in this thesis have been analysed using frequentist 
statistics it makes sense to continue to use frequentist approaches rather than Bayesian 
approaches in this study also, so that results can be more easily compared. 
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The findings of this study suggest that osteoarthritis is associated with impaired spatial 
working memory in female neutered dogs with osteoarthritis, but not in male neutered 
dogs with osteoarthritis. However, these findings should be interpreted with caution, 
due to the relatively small sample size and methodological limitations associated with 
the analysis techniques used. Repeating this study with a larger sample would provide 
evidence to assess whether these findings are likely to be representative of the general 
canine population, and the inclusion of entire dogs in future studies would allow 
investigation into whether neutering status affects the observed sex differences in 
spatial working memory in dogs with chronic pain from osteoarthritis.  
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Chapter 5 Comparison of resting behaviour in 
dogs with and without osteoarthritis 
5.1 Abstract: 
The study described in this chapter investigated two proxy measures of sleep in dogs 
with and without chronic pain from osteoarthritis; rest/inactivity measured using an 
actigraphic device (the FitBark activity monitor system) and owner-assessed sleep 
quality measured using a questionnaire (the Sleep and Night Time Restlessness 
Evaluation (SNoRE)). Osteoarthritic dogs spent significantly less of the night-time period 
resting compared to healthy control dogs, though there were no significant differences 
in SNoRE scores between groups. This difference in time spent resting overnight 
suggests that canine osteoarthritis may be associated with impaired sleep, as is often 
reported in studies of osteoarthritis and other chronic pain conditions in humans. Due to 
the limitations of the analysis methods used, particularly the risk of overfitting, these 
results should be interpreted cautiously until they can be replicated in a larger sample in 
order to confirm that they are generalisable to the wider canine population. 
5.2 Introduction: 
In Chapter 4 it was found that female dogs with chronic pain from osteoarthritis showed 
deficits in spatial working memory, as seen in human chronic pain patients (Antepohl et 
al., 2003, Luerding et al., 2008). Human patients with osteoarthritis and other chronic 
pain conditions also show impaired sleep, as described in Section 1.6. This study aimed 
to investigate whether dogs with chronic pain from osteoarthritis show impaired sleep 
in comparison with healthy control dogs, using two proxy measures of sleep similar to 
those used in humans and described in Section 1.6.3; actigraphic measurement of 
proportion of time spent resting/inactive during the night, and scores on an owner 
questionnaire intended to measure sleep quality (Knazovicky et al., 2015). 
Knazovicky et al. (2015) performed a study in osteoarthritic dogs to assess the effect of 
nonsteroidal analgesia (meloxicam) on night-time activity, measured via accelerometry 
using a previously-validated actigraphic device attached to the dog’s collar (Hansen et 
Chapter 5: Comparison of resting behaviour in dogs with and without osteoarthritis 
212 
 
al., 2007), and sleep quality, measured using a novel questionnaire developed for the 
study; the Sleep and Night Time Restlessness Evaluation (SNoRE). Each dog was given 
meloxicam and placebo in a random order with a washout period in between. Owners 
were blinded with respect to treatment and completed the SNoRE questionnaire as well 
as CBPI and HCPI questionnaires every seven days to monitor the dog’s sleep quality and 
pain. Whilst the study did not show an effect of meloxicam analgesia (in comparison to 
no treatment or to placebo treatment) on accelerometry-assessed night-time activity, 
there were significant differences between the SNoRE scores of the dogs when they 
were on meloxicam analgesia in comparison to when they were on placebo treatment or 
no treatment. They concluded that it may be possible that nonsteroidal analgesic 
treatment improves sleep quality but not sleep duration, or that actigraphy may not be 
particularly sensitive as a measure of sleep in dogs, as decreased sleep may not 
significantly affect movement during the night (Knazovicky et al., 2015). Similarly, Taibi 
and Vitiello (2011) found that whilst a yoga-based exercise programme significantly 
improved self-reported measures of sleep in human osteoarthritic patients (though 
participants were not blinded and no control interventions were used), there was no 
effect on actigraphic outcomes, and Leigh et al. (1988) found no significant differences 
in night-time movements between osteoarthritic patients and healthy demographically-
matched controls. However, Fielden et al. (2003) found that surgical treatment of hip 
osteoarthritis significantly improved a range of both-self reported and actigraphic 
measures of sleep quality, suggesting that treatment of osteoarthritis does have the 
potential to improve actigraphic measures of sleep quality in humans. 
One limitation of the study by Knazovicky et al. (2015) is that there was no comparison 
of dogs with and without osteoarthritis, in order to examine whether osteoarthritic dogs 
show deficits in sleep (as assessed using the proxy measures of owner-assessed sleep 
quality and actigraphic measurement of night time activity) compared to control dogs. 
Whilst meloxicam treatment appeared to show improvements in owner-reported sleep 
quality but not actigraphic measures of night-time activity (Knazovicky et al., 2015), it is 
not known whether this is genuinely due to inhibition of the adverse effects of chronic 
pain from osteoarthritis on sleep. Comparing the sleep quality and night-time activity of 
dogs with chronic pain from osteoarthritis and healthy control dogs would better 
elucidate the effects of canine spontaneous osteoarthritis on sleep and night time rest, 
and if these mirror the differences between dogs on meloxicam treatment and dogs on 
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placebo/no treatment it is more likely that the effects of meloxicam on these measures 
were mediated by reduction of the pain caused by osteoarthritis.  
In this study, two methods were used to measure sleep-related phenomena in dogs: 
Actigraphy via the use of the FitBark™ activity monitoring system; a commercially 
available, minimally invasive dog activity monitor that attaches to the dog’s collar and 
records activity continuously on a minute-by-minute basis, thus giving a measure of 
inactivity or rest, and a pre-existing owner questionnaire designed to measure owner-
perceived sleep quality; the SNoRE (Sleep and Night Time Restlessness Evaluation). Since 
these methods do not include electroencephalographic recordings, they do not measure 
sleep directly (Bloch, 1997), and instead assess proxy measures of sleep; rest/inactivity 
as measured by actigraphy and owner-perceived sleep quality as measured by the 
SNoRE. 
Wearable activity monitor devices such as the FitBark contain accelerometers; sensors 
which measure acceleration of the body along reference axes (Chen and Bassett, 2005, 
Yang and Hsu, 2010). These devices contain a piezoelectric material, which generates 
electrical current when compressed or deformed, connected to a weight of known mass. 
When the body (and worn device) accelerates, the acceleration of the weight deforms 
the piezoelectric material, generating charge and creating a voltage signal proportional 
to the acceleration (Chen and Bassett, 2005). Some devices can detect acceleration in up 
to three orthogonal planes (Chen and Bassett, 2005). These data are then integrated 
with respect to time in order to provide information about velocity and distance moved 
(Chen and Bassett, 2005) which is stored in the device’s memory, from which it can be 
downloaded to a computer for analysis (Chen and Bassett, 2005). 
Accelerometers have been used in human studies for a wide variety of functions 
including investigations of population activity levels (Troiano et al., 2008), evaluation of 
activity levels in clinical patients including those with stroke (Rand et al., 2009) and 
multiple sclerosis (Snook et al., 2009), distinguishing between psychogenic and 
Parkinsonian tremor (Zeuner et al., 2003), and evaluating time spent sitting in the 
workplace (Sudholz et al., 2018). Although they measure the inactivity associated with 
sleep rather than recording sleep directly, accelerometers have been widely used in 
actigraphic studies to measure inactivity as a proxy measure of sleep in humans, as 
described in Section 1.6.3. This involves placing the accelerometer on the wrist or ankle 
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and recording movement over each epoch (unit of time), using automated algorithms to 
distinguish periods of (probable) sleep (characterised by low movement) and (probable) 
wakefulness (characterised by high movement) (Webster et al., 1982, Sadeh et al., 
1994). Actigraphy has demonstrated the ability to differentiate between healthy 
participants, insomniacs and those with sleep apnoea (Sadeh et al., 1989) and between 
medicated and unmedicated narcolepsy patients (Bruck et al., 2005), and to detect 
adverse effects of methylphenidate on sleep in children with ADHD (Corkum et al., 
2008). Actigraphy shows very high overall agreement with polysomnography (Kripke et 
al., 1978, Mullaney et al., 1980, Webster et al., 1982), which is considered the gold-
standard method of sleep assessment (Sadeh et al., 1995, Menefee et al., 2000) as it 
directly measures the neurological changes occurring in the brain during sleep (Bloch, 
1997). However whilst the sensitivity (ability to detect sleep) of actigraphy is often over 
90%, its specificity (ability to identify wakefulness) is often much lower (de Souza et al., 
2003, Paquet et al., 2007, Sitnick et al., 2008). Therefore the accuracy of actigraphy is 
often lower in participants with impaired sleep, since these participants spend a greater 
proportion of the night period awake than healthy control participants (Paquet et al., 
2007). Actigraphy has also been attempted in dogs (Knazovicky et al., 2015), though it 
was unable to detect significant differences in mean night-time activity counts per hour 
in osteoarthritic dogs receiving nonsteroidal analgesia compared to baseline or placebo 
treatment.  
Three of the most common clinically validated accelerometers used in human studies 
are the ActiGraph, Actical and RT3 (Bassett and John, 2010). The validity of the 
ActiGraph (Yam et al., 2011) and Actical (Hansen et al., 2007, Olsen et al., 2016) has also 
been investigated for the assessment of day-time activity in dogs: The Actical showed 
high correlation with videographic assessment of activity in healthy dogs (Hansen et al., 
2007), however whilst Hansen et al. (2007) found acceptably low inter-device variability, 
Olsen et al. (2016) found that inter-device variability in measurements was high. The 
ActiGraph was able to detect significant differences between different intensities of 
activity and showed high reliability as assessed by the Spearman–Brown prophecy 
method, which encompasses both inter-device and intra-device reliability (Yam et al., 
2011). However, these devices have several limitations: They were originally devised for 
use in humans so are not optimised for measuring activity in dogs. They are also 
incredibly expensive (whilst obtaining a quote for each device currently requires 
contacting the manufacturer, in 2010 each Actical device cost $327 with an additional 
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$738 for the required analysis software, whereas each ActiGraph device cost around 
$300 (Bassett and John, 2010)). Such costs would not be feasible for this study as large 
numbers of devices were required (45 devices were used in total), so that several weeks 
of data from several dogs could be obtained within a relatively short period. 
Furthermore, the Actical and ActiGraph devices must be manually connected to a 
computer running the required proprietary software in order to obtain the stored data 
(ActiGraph, 2017, Philips Respironics, 2018b), which would either require a second visit 
to each owner to retrieve the devices or risking losing data and expensive hardware if 
they became lost or damaged in the post.  
There are also commercially-available accelerometry devices which have been designed 
specifically for use in dogs. These include the Whistle (Yashari et al., 2015), PetPace 
(Belda et al., 2018) and FitBark (Di Cerbo et al., 2017, Patel et al., 2017). These devices 
are primarily aimed at providing information about dogs' activity to their owners rather 
than for use in research, and since they use proprietary and unpublished algorithms, it is 
more difficult to assess their relative strengths and weaknesses and applications for 
research in comparison to devices designed for research purposes (Ladha et al., 2017). 
However, they also have many advantages: The FitBark was selected for this study 
because it was significantly more affordable (each FitBark device purchased for this 
study cost £45.46 and supporting apps and software are available free-of-charge), it was 
designed for use in dogs rather than humans, and is incredibly easy for both owners and 
researchers to use; the FitBark was (subjectively) rated “Easiest Dog Activity Monitor To 
Use” by the dog owner-oriented website CanineJournal.com (Canine Journal, 2017), 
ensuring that owners should be easily able to use the interface and upload their dogs’ 
data. This is advantageous as the owner can also view summary data about the dogs’ 
rest and activity patterns, providing an incentive for owners to participate with their 
dog. Furthermore, because data is uploaded from the device to an online database via a 
Bluetooth connection to the owner's smartphone, it is possible for researchers to obtain 
the data remotely without having to visit each owner a second time to retrieve the 
device and transfer the data manually, which was advantageous as it increased the 
number of dogs that could be recruited in short time periods. The algorithms for 
determining whether the dog is active, resting or "playing" (high intensity activity) at 
each minute are also very simple to apply to the raw activity counts, decreasing the time 
required to process the data prior to statistical analysis, however these algorithms are 
the intellectual property of FitBark and cannot be disseminated in this thesis. Whilst the 
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FitBark system has not been validated in the published literature, it has been used in 
previous studies to investigate the effects of a specialised nutraceutical diet on activity 
levels (Di Cerbo et al., 2017) and in an investigation into how dogs' rest and activity 
patterns affected those of their owners (Patel et al., 2017). FitBark also publish findings 
from collected data on their website (FitBark, 2018a). 
The SNoRE (Sleep and Night Time Restlessness Evaluation) questionnaire was designed 
for assessing sleep quality in dogs and was successfully able to detect improved sleep 
quality in osteoarthritic dogs following nonsteroidal analgesia administration compared 
to placebo treatment or baseline levels (Knazovicky et al., 2015). Whilst the SNoRE has 
not yet been formally validated, it currently appears to be the only existing 
questionnaire designed for the assessment of sleep quality (as perceived by owners) in 
dogs, and it was used as an additional proxy measure of sleep in this study both because 
of concerns about the low specificity of actigraphy in human studies and the lack of 
published validation of FitBark algorithms, and in order to better compare the results of 
this study with those of the study performed by Knazovicky et al. (2015), in which a 
combination of actigraphy and SNoRE scores were also used.  
Polysomnography is considered the “gold standard” measure of sleep assessment 
(Sadeh et al., 1995, Menefee et al., 2000) and can more accurately distinguish periods of 
sleep and wakefulness than either actigraphy (Paquet et al., 2007) or self-report 
questionnaires (Buysse et al., 1989) in humans, and would have the advantage of 
allowing the time spent in different stages of sleep to be compared (Bloch, 1997) in 
osteoarthritic and healthy control dogs. It would also have the advantage of measuring 
the neurological changes associated with sleep itself (Bloch, 1997), rather than relying 
upon proxy measures of sleep such as inactivity/rest as measured by the FitBark and 
owner perceptions of sleep quality as measured by the SNoRE. However, whilst 
polysomnography has been successfully used in laboratory-housed dogs (Takeuchi and 
Harada, 2002), it requires prohibitively expensive facilities and apparatus and complex 
recording and analysis techniques (Menefee et al., 2000), making it infeasible for 
monitoring large numbers of dogs owned by members of the public in their owner's 
homes. Polysomnography is also somewhat invasive (Bloch, 1997), meaning that a home 
office project license would be required to perform the study (Animals (Scientific 
Procedures) Act, 1986), which would be time-consuming to obtain and thus reduce the 
time available to recruit a suitably large sample of dogs. Therefore it was decided that a 
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combination of actigraphy and SNoRE questionnaires would be used rather than 
polysomnography, to assess the proxy sleep measures of time spent resting and owner-
perceived sleep quality in this study, despite their limitations. 
In addition to chronic pain, it is likely that other factors affect sleep quality in companion 
animal dogs, and that these would need to be controlled for or at least included in 
analyses in a study investigating the effect of chronic pain from osteoarthritis in dogs on 
measures related to sleep. However, there are very few published papers investigating 
this: A systematic literature search (the methods of which are described in Appendix 5.1) 
revealed only five relevant papers that investigated factors associated with sleep quality 
in dogs, these are shown in Table 5.1. 
Table 5.1: Methods and findings of studies found to be relevant to sleep quality in 
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pruritis. 
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models, and the CCDR was 
used to screen dogs. None of 
the dogs in this study were 
receiving Gingko extract (all 
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to identify the effect of 
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between 11-14 years of 
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month period in order to 
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interview were 
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Sleep-wake changes due to 
age do not necessarily 
progress in the same 
predictable manner as 
changes in cognitive factors 
such as disorientation. Since 
dogs older than 10 years and 
those with CCDR scores of 50 
or higher were excluded from 
this study, sleep changes 
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with worsening of these 
factors as the dogs aged. 
compared to 








were more likely 







occurring in elderly dogs with 
age-related cognitive changes 
should not be a concern, 
though age was added to 
initial models to confirm this. 
 
 
It was hypothesised that dogs with osteoarthritis would show higher SNoRE scores 
(indicating lower sleep quality) than control dogs, given that Knazovicky et al. (2015) 
found that meloxicam analgesia significantly reduced SNoRE scores in osteoarthritic 
dogs, and several studies have found that self-report measures of sleep quality are 
lower in human osteoarthritic patients than controls (Leigh et al., 1988, Wilcox et al., 
2000, Power et al., 2005, Taylor‐Gjevre et al., 2011).  
It was also hypothesised that dogs with chronic pain from osteoarthritis would show 
reduced time spent resting during the night, as reported in human patients (Leigh et al., 
1988, Wilcox et al., 2000, Power et al., 2005, Taylor‐Gjevre et al., 2011). Whilst 
Knazovicky et al. (2015) found that nonsteroidal analgesia did not cause significantly 
decreased night-time activity counts in osteoarthritic dogs compared to placebo or 
baseline, the difference in time spent resting during the night between osteoarthritic 
and control dogs may not be directly comparable to the difference in mean activity 
counts per hour during the night in osteoarthritic dogs given placebo and those given 
nonsteroidal analgesia: Firstly, it is unlikely that nonsteroidal analgesia provides 
complete pain relief leaving osteoarthritic dogs pain-free, given that 63% of human 
osteoarthritic patients prescribed nonsteroidal analgesia who then re-presented to their 
GP cited inadequate pain relief as their reason for presentation (Crichton and Green, 
2002), and 47% of osteoarthritis patients used additional nonsteroidal analgesics to 
those they were prescribed, with incomplete pain relief as the most common main 
reason given for this (Cavagna et al., 2013). It is also possible that nonsteroidal analgesia 
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has effects other than reversal of the effects of chronic pain from osteoarthritis, for 
example drowsiness, a known effect of nonsteroidal analgesics (Cooper, 1984, Edwards 
et al., 1999), is also likely to increase resting behaviour and decrease night-time activity. 
It is also possible that dogs with chronic pain from osteoarthritis could show decreased 
total time spent resting (i.e. time spent with activity counts per minute below the 
threshold for “activity” as determined by the algorithms applied to the raw activity 
counts) without having significantly reduced mean activity counts per hour throughout 
the night, as measured by Knazovicky et al. (2015). Since the former outcome measure 
has been used to successfully detect changes in sleep duration in human chronic pain 
patients (Wilson et al., 1998, Law et al., 2012), it may be a better approximation of the 
proportion of the night period spent sleeping. However, neither measure truly 
represents sleep itself, as methods involving electroencephalography (such as 
polysomnography (Menefee et al., 2000)) are required to detect the neurological 
changes required to objectively distinguish sleep from wakefulness (Bloch, 1997). 
It was also hypothesised that osteoarthritic dogs would show reduced activity/increased 
rest during the day compared to healthy control dogs, partially due to their impaired 
mobility and reduced physical activity and partially due to increased daytime sleep. 
Wiseman et al. (2001) found that 85% of owners of osteoarthritic dogs reported that 
their dogs showed disturbed mobility, and Brown et al. (2010) found that nonsteroidal 
analgesia caused increased activity counts as recorded by accelerometry in 
osteoarthritic dogs, suggesting that chronic pain from osteoarthritis is likely to cause 
decreased activity counts which can be alleviated by analgesic treatment. Similarly, 
human osteoarthritis patients report decreased mobility and slowing down (Hawker et 
al., 2008), and osteoarthritic patients showed lower mean activity levels measured by 
accelerometry than healthy controls (Murphy et al., 2008), suggesting that similar 
changes may also occur in osteoarthritic dogs. Humans with chronic pain, including 
those with osteoarthritis, also report increased daytime sleep: Hawker et al. (2010) 
found that 85% of osteoarthritis patients reported napping during the day, with 43% of 
patients reporting napping during the day four or more times a week. Rats with an 
induced model of osteoarthritis also showed a loss of diurnal rhythms in sleep and 
wakefulness and were unable to sustain long periods of sleep (Landis et al., 1989), and 
adolescent human chronic pain patients showed significantly more daytime sleep than 
healthy control adolescents (Law et al., 2012). Therefore it seems likely that dogs with 
chronic pain from osteoarthritis will show decreased activity and increased daytime 
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sleep, and thus would be likely to spend less time active and more time resting than 
control dogs during the daytime. 
It was also hypothesised that dogs with osteoarthritis would show shorter mean rest 
bout durations both during the night and daytime periods compared to healthy control 
dogs, due to increased sleep fragmentation (in which sleep is interrupted by short 
periods of wakefulness known as "arousals" (Smurra et al., 2001)). Osteoarthritic rat 
models show significantly more fragmented sleep compared to control rats (Landis et 
al., 1988, Landis et al., 1989), and sleep fragmentation in osteoarthritic human patients 
was significantly decreased by total hip arthroplasty (Fielden et al., 2003), therefore it 
seems possible that increased sleep fragmentation may occur in canine osteoarthritis 
also. 
It was hypothesised that older dogs in this study would show decreased rest during the 
night and more rest during the day, as age-related behavioural changes in dogs include 
owner-reported changes in the sleep-wake cycle (Bain et al., 2001, Reichling et al., 2006) 
as well as increased wakefulness during the night and fragmented wakefulness 
(increased numbers of short periods of sleep) during the day as measured 
polysomnographically (Takeuchi and Harada, 2002). Since osteoarthritis is more 
prevalent with increasing age in humans (Van Saase et al., 1989, Oliveria et al., 1995) 
and dogs (Anderson et al., 2018), age could confound the effect of osteoarthritis on 
sleep. Whilst the CCDR was completed by owners to screen and exclude dogs with signs 
of age-related cognitive decline, sleep-wake cycle changes do not appear to progress 
with increasing age in the same way as changes in cognition (Bain et al., 2001), and may 
not be strongly associated with age-related declines in memory and learning (Bain et al., 
2001). Therefore excluding dogs with signs of age-related cognitive decline may not 
prevent the effect of age on sleep and thus on time spent resting as measured 
actigraphically in this study. However, limiting recruitment to dogs aged between 5-11 
years should have prevented the recruitment of overly young control dogs (since other 
researchers within the research group have anecdotally reported difficulties recruiting 
sufficient numbers of osteoarthritic dogs under the age of five years) and the 
recruitment of overly elderly osteoarthritic dogs (since other researchers within the 
research group have anecdotally reported difficulty recruiting sufficient numbers of 
control dogs aged over 11 years). Therefore recruiting only dogs aged between 5-11 
years should have ensured that both groups recruited were of similar ages, so whilst it 
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was likely that age would have an effect on the sleep-wake cycles of dogs within the 
study, this effect was expected to be similar for both groups, and therefore was not 
expected to mask or confound the effect of osteoarthritis on time spent resting during 
the night or daytime periods. The difference in age between groups and the effect of 
age on each outcome measure were assessed to investigate this. 
5.3 Materials and Methods: 
5.3.1 Animals: 
Twenty dogs with osteoarthritis and 21 healthy control dogs participated in this study, 
all but one of which also participated in the study described in Chapter 4 and all of which 
were recruited using the same methods. One of the dogs (male, osteoarthritic, terrier) 
that participated in the study described in Chapter 4 was excluded from this study as 
contact with the owner was lost shortly after the disappearing object task was 
performed, and FitBark data were not uploaded. An additional dog (male, osteoarthritic, 
gundog) participated in this study but was unable to participate in the disappearing 
object task described in Chapter 4 due to appearing excessively anxious when 
introduced to the apparatus. The sample size for this study was based on the finding of 
Knazovicky et al. (2015) that a sample size of nineteen dogs was sufficient to detect 
significant differences in SNORE scores of osteoarthritic dogs treated with nonsteroidal 
analgesia compared to placebo treatment or baseline, therefore the study was designed 
with the aim of recruiting at least nineteen dogs in each group within the data collection 
period. Ten osteoarthritic dogs and one control dog received analgesic medication 
during the study (the control dog received meloxicam for a period of several days due to 
a mild respiratory infection). Of the osteoarthritic dogs on medication, seven were on 
daily treatment and three on occasional treatment. Seven osteoarthritic dogs were 
receiving only nonsteroidal analgesics, two were receiving tramadol (one of whom was 
also receiving nonsteroidal analgesia) and one dog was receiving gabapentin and 
paracetamol alongside nonsteroidal analgesia. Participating owners were given a £10 
gift card (John Lewis Partnership, London, UK) following completion of the study. 
5.3.2 Apparatus: 
The FitBark system (FitBark Inc., Kansas City, MO) consisted of a recording device; the 
FitBark activity monitor, and an online user interface; the FitBark smartphone app. The 
Chapter 5: Comparison of resting behaviour in dogs with and without osteoarthritis 
223 
 
FitBark activity monitor is an electronic accelerometry device (dimensions: 3.9cm 
parallel to the collar, 2.8cm perpendicular to the collar, 1.2cm thick) which is attached to 
the dog’s collar and records their activity levels each minute. The FitBark smartphone 
app allows owners to create an account for themselves and each of their dogs, and 
upload (“synchronise”) the data from their FitBark activity monitor(s) using Bluetooth 
technology (Bluetooth, 2003). Owners could also view a range of user-friendly summary 
data regarding their dog’s recent activity. The app also allowed owners to give access to 
the “Bristol Canine Arthritis Study” account (which was set up prior to study onset) as a 
veterinarian user, allowing the raw activity data for each minute of each day to be 
downloaded for use in the study. 
5.3.3 Procedure: 
Following the disappearing object task described in Chapter 4, owners were shown the 
FitBark activity monitor and instructed in how to attach the device to the dog’s collar, 
how to charge and synchronize the device, and how to use the FitBark Smartphone app 
such that a researcher (MS) could access and download the data remotely, with 
instructions summarised on an owner information sheet which was retained by the 
owner (see Appendix 4.1). 
Owners were given five identical sets of questionnaires, containing the SNoRE (shown in 
Appendix 5.4), HCPI and CBPI (described in detail in Chapter 2, questionnaire forms 
shown in Appendix 2.3 and Appendix 2.4), to complete on days 0, 7, 14, 21 and 28 of the 
study (day 0 questionnaires were analysed within the study described in Chapter 4), 
each with a cover sheet describing on which day they were to be filled in (as shown in 
Appendix 5.3). Owners were also given a sleep diary sheet (see Appendix 5.2) in order to 
record the times at which they got up and went to bed over the 28-day period of the 
study and any notes which they felt may have affected the dog’s activity or rest 
behaviour on a particular day. Data collection continued for 28 days because collecting 
actigraphy data over periods of several weeks has been shown to result in increased 
reliability (Van Someren, 2007). The sheet also contained prompts for the owner to fill in 
the SNoRE, HCPI and CBPI questionnaires and to recharge and synchronise the FitBark 
activity monitor once every seven days. 
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5.3.4 Data Preparation: 
Raw activity results for each minute of the month of interest were downloaded from the 
FitBark website (https://web.fitbark.com/dashboard) for each dog, consisting of the 
date and time of each recording and a recorded activity value. For each dog, algorithms 
provided by FitBark (these remain the intellectual property of FitBark and cannot be 
disseminated) were used to determine whether for each minute the dog was in a state 
of "rest", "activity" or "play" (high-energy activity). Because of the difficulties in 
assessing what "play" truly represented, and because the distinction between rest and 
activity was the focus of this study, "play" was combined with activity so that for each 
minute a dog was either resting or active. The true night-time period was calculated for 
each dog as the period between one hour after the owner's mean bedtime and one hour 
before the owner's mean getting up time, calculated from values recorded on the 
owner's sleep diary sheet, as used previously by Knazovicky et al. (2015). 
For each dog at each minute, the following values were calculated using Microsoft Excel: 
Whether the dog was resting or active according to the algorithm, the day (1-28) and 
week (1-4) of the recording, whether the recording was made during the night period or 
during the daytime, whether the recording represented a switch from resting to active 
or active to resting, and for each point that represented a switch from active to resting, 
the duration in minutes of the subsequent uninterrupted period of rest before the next 
switch from resting to active. In RStudio (RStudio Team, 2016) the following outcomes 
were calculated for each dog at each day: The proportion of the night period that was 
spent resting (Night Rest Time), the proportion of the daytime period that was spent 
resting (Daytime Rest Time), and the mean duration of a bout of uninterrupted rest 
during the night period (Night Rest Mean Duration) and during the daytime period 
(Daytime Rest Mean Duration) separately. Questionnaire scores were calculated for 
each dog and each week from owner questionnaire responses. 
5.3.5 Data Analysis: 
The following predictor variables were included in analyses (many of which were also 
included in the analyses for chapter 4): Group, season, length of night period, age, body 
condition score, sex, breed class, SNoRE score (except in models in which this was the 
outcome variable), HCPI score, CBPI Severity score, CBPI Interference score, CBPI QOL 
score, analgesia provision, analgesia frequency, analgesia type, vet-assigned severity 
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score, owner-assigned severity score, joint function score, and lameness score. 
Questionnaire scores differ from those described in Chapter 4 as in this study the scores 
for weeks 1-4 were used, rather than the scores for week 0. Models included dog and 
week as random factors. Reference levels for categorical factors were the same as those 
described in Chapter 4. As in Chapter 4, initial models included group and the interaction 
with group (with the exception of those for vet-assigned and owner-assigned severity 
scores) as well as the factor of interest, and any factors that were significant at p<0.1 
were then added to a multivariate model.  
For the proportions of time spent resting during the night and day, the residuals of initial 
mixed-effects linear models were significantly non-normal (e.g. Shapiro-Wilk test for 
initial model for season for night period: U=0.75627, p<2.2*10-16; for daytime period: 
U=0.96548, p=1.095*10-15). Because of this, and because the data appeared 
approximately Gaussian on initial examination, the rlmer() function from the robustlmm 
package (Koller, 2016) was used to perform a robust mixed-effects linear model. This 
modifies the lmer() function from lme4 to use more robust scoring functions that are 
resistant to non-normality of residuals and the presence of outliers (Koller, 2016), the 
default of which (used in these analyses) is a smoothed version of the Huber function 
(Koller, 2016). t- or z-values and p-values for hypothesis testing were calculated from 
model estimates and their 95% confidence intervals. Data for the mean duration of a 
bout of rest during the night and daytime periods were highly positively skewed, and 
since these data represent an amount of time before an event occurs (in this case the 
onset of a period of activity), a generalised mixed-effects linear model using a gamma 
distribution, which is often used for interval and waiting time data (McGill and Gibbon, 
1965), was considered appropriate. For these models, diagnostic plots of the residuals 
against fitted values were performed to confirm that there was no relationship between 
these, and that there were no obvious outliers. For the mean duration of a bout of rest 
during the night, three obvious outliers were identified with mean rest durations (64.0, 
101.0 and 143.0 minutes) that were more than 10 times the interquartile range (4.64 
minutes) and more than twice the value of any of the remaining 1144 points. These 
were removed as it was believed that such long mean durations without movement 
were unlikely to reflect genuine bouts of rest and may have occurred due to technical 
issues such as the device becoming detached from the collar or running out of power 
during the night. For the mean duration of a bout of rest during the daytime, the data 
appeared to show many outliers upon visual inspection, and this was still the case after 
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removing all points that were not within 1.5 interquartile ranges of the median. Whilst 
the rlmer() function is robust to outliers it is only appropriate for approximately 
Gaussian data (Koller, 2016), therefore these data were analysed using rank-based 
methods (Kruskal-Wallis tests for categorical variables and Spearman correlation tests 
for continuous variables, with Holm-Bonferroni adjustments applied to the α value (p-
value threshold for statistical significance) to account for multiple testing). SNoRE scores 
appeared approximately Gaussian, though residuals were non-normal (Shapiro-Wilk 
test: U=0.39152, p<2.2e-16) and there appeared to be some potential outliers. 
Therefore these were also analysed by robust mixed-effects linear regression using the 
rlmer() function. As in Chapter 4, differences in age, body condition score and 
questionnaire scores (using the mean score for each dog) between groups were 
assessed using Holm-Bonferroni-adjusted Mann-Whitney U tests, and the difference in 
these between vet- or owner assigned severity scores were assessed using Holm-
Bonferroni-adjusted Kruskal-Wallis tests. 
Model results for each variable or level of factor are given as the beta-estimate (β) with 
95% confidence interval, t- or z-statistic and associated p-value estimate. Unless 
specified otherwise, data are given as mean values with 95% confidence intervals (CIs). 
5.4 Results: 
5.4.1 Signalment and questionnaire scores: 
The mean age (± 95% confidence limits) of osteoarthritic dogs was 7.80±0.77 years and 
the mean age of control dogs was 7.86±0.50 years. The mean body condition score of 
osteoarthritic dogs was 5.50±0.62 and the mean body condition score of control dogs 
was 4.67±0.42. Significant differences between groups were found for HCPI score (U=60, 
p=9.45*10-5, α=0.0125), CBPI Severity score (U=42.5, p=1.12*10-5, α=0.01) and CBPI 
interference score (U=34, p=5.07*10-6, α=0.00833) as shown in Figure 5.1, but not for 
age, body condition score or CBPI QOL score (Holm-Bonferroni-adjusted α-values). None 
of these factors significantly differed between different vet-assigned or owner-assigned 
severity scores (Holm-Bonferroni-adjusted α-values). The numbers of dogs with each 
vet-assigned and owner-assigned severity score are shown in Table 5.2. 36 out of 41 
dogs (87.8%) were assigned the same score by both the owner and the vet. 




Figure 5.1: Boxplots showing the differences between groups in questionnaire 
scores (means of weeks 1-4 for each dog).  
Significant differences (Holm-Bonferroni-adjusted α-values) are marked with 
asterisks. Individual points represent outliers more than 1.5 interquartile ranges 
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Table 5.2: Numbers of dogs with each subjective osteoarthritis severity score, as 
assigned by the owner and the examining veterinary surgeon. 
 
Vet-Assigned Severity Score 
None Mild Moderate Severe Total 
Owner-Assigned Severity 
Score 
None 21 1 0 0 22 
Mild 0 10 0 0 10 
Moderate 0 1 5 2 8 
Severe 0 0 1 0 1 
Total 21 12 6 2 41 
 
Note that severity scores differ slightly from those shown in Chapter 4. 
 
5.4.2 Proportion of night period spent resting: 
Factors and factor levels that had a significant (p<0.1) effect on proportion of the night 
period spent resting in the initial models were group (β=-0.0248 ± 0.0220, z=2.21, 
p=0.0268) moderate vet-assigned severity score (β =-0.0547 ± 0.0306, z=3.51, 
p=0.000454), mild owner-assigned severity score (β=-0.0249 ± 0.0259, z=1.88, 
p=0.0599), and moderate owner-assigned severity (β=-0.02961 ± 0.0281, z=2.07, 
p=0.0388). The levels of these three factors overlapped almost completely, with all 
control dogs and no osteoarthritic dogs having a vet-assigned severity score of "none", 
and all control dogs and only one osteoarthritic dog having an owner-assigned severity 
score of "none", therefore a model containing all of these factors would not be 
informative and there would be marked non-independence of predictor variables. 
Because of this, a significant result at p<0.05 on the initial models was taken as 
indicating a significant effect on the proportion of the night period spent resting, as 
shown in Figure 5.2. 
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Figure 5.2: Effect of (A) group, (B) vet-assigned severity 
score and (C) owner-assigned severity score on the 
proportion of the night period spent resting.  
Graphs show means with 95% confidence interval error 
bars. Asterisks denote a significant difference (p<0.05) 
between bars. 
 
5.4.3 Proportion of daytime period spent resting: 
Factors that had a significant (p<0.1) effect on proportion of the daytime period spent 
resting in the initial models were group (β=-0.0419 ± 0.0432, z=1.90, p=0.0572), HCPI 
score (β=0.0216 ± 0.0147, z=3.69, p=0.000229), HCPI score by group interaction 
(β=-0.00457 ± 0.00308, z=2.91, p=0.00363), CBPI Severity score (β=1.022 ± 0.015, 
z=2.88, p=0.0390), CBPI Severity score by group interaction (β=-0.0197 ± 0.0165, z=2.40, 
p=0.0164), CBPI Interference score (β=0.0104 ± 0.00654, z=3.11, p=0.00187). Since these 
scores were very highly correlated (HCPI score and CBPI Severity score: t(37)=9.24, 
p=3.77*10-11, R=0.836; HCPI score and CBPI Interference score: t(37)=8.6155, 
p=2.26*10-10, R=0.817; CBPI Severity score and CBPI Interference score: t(37)=13.307, 
p=1.12*10-15, R=0.909), it was considered probable that including all three in the model 
would be likely to lead to collinearity (Dormann et al., 2013), therefore HCPI score was 
selected for addition to the model, due to having the lowest p-value for the main effect 
in the initial model. Because visual inspection of the relationship between HCPI score 
and proportion of time spent resting during the day implied the possible presence of a 
parabolic (n-shaped) relationship, as shown in Figure 5.4, a model was generated 
containing HCPI score squared and the interaction between group and HCPI score 
squared, alongside group, HCPI score and the interaction between group and HCPI 
score, as shown in Appendix 5.7. As neither the effect of HCPI score squared or the 
interaction between group and HCPI score squared on the proportion of time spent 
resting during the day was significant, these terms were then removed from the model. 
The multivariate model therefore contained only group, HCPI score and HCPI score by 
group interaction. There was no significant (p<0.05) overall effect of group (β=-0.00457 
± 0.00308, z=0.55, p=0.550) as shown in Figure 5.3, however significant effects of HCPI 
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score (β=0.0216 ± 0.0147, z=3.69, p=0.000229) and HCPI score*group interaction (β=-
0.00457 ± 0.00308, z=2.91, p=0.00363) were found: Whilst dogs with increased HCPI 
scores tended to rest for a greater proportion of the daytime period overall, this was 
only the case for control dogs, as shown in Figure 5.4, however, predictions from this 
model for the control group exceed the range of observed data: The highest observed 
weekly HCPI score for a control dog was 20, whereas the highest observed weekly HCPI 
score for an osteoarthritic dog was 29. 
 
Figure 5.3: The proportion of the daytime period spent resting for each group of 
dogs. 
Graphs show means with 95% confidence interval error bars. The difference 
between groups was significant in the initial model (p<0.1) but not in the 
multivariate model (p<0.05). 
 




Figure 5.4: The effect of HCPI score on proportion of daytime period spent resting 
(A) overall and (B) for each group. 
Graphs show prediction lines in black or group-specific colours with grey or pale 
interquartile ranges. Each point represents the observed mean HCPI score and mean 
proportion of the daytime spent resting for each dog. Equations of linear regression 
lines for predicted values are also given. 
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5.4.4 Mean duration of an uninterrupted bout of rest during the night: 
Factors that had a significant (p<0.1) effect on mean duration of an uninterrupted bout 
of rest during the night in the initial models were length of night period (β=-7.00*10-6 ± 
7.00*10-6, t=-2.27, p=0.0230), length of night period by group interaction (β=-1.10*10-5, 
± 1.20*10-5, t=-1.85, p=0.0639), age by group interaction (β=-0.00613 ± 0.00537, t=-2.25, 
p=0.0246), daily analgesia frequency (β=0.0105 ± 0.004378, t=4.70, p=2.58*10-6), 
occasional analgesia frequency (β=-0.00856 ± 0.00457, t=-3.67, p=0.000246), occasional 
analgesia frequency by group interaction (β=0.006669 ± 0.004588, t=2.58, p=0.00439; 
note that only one control dog received this treatment) and moderate vet-assigned 
severity score (β=0.0240 ± 0.0221, t=2.13, p=0.0329). The effect of group was not 
significant when considered alone (β=0.0111 ± 0.0165, t=1.317, p=0.188), though it was 
sometimes significant when included in models with other variables, and as the primary 
factor of interest was also added to the multivariate model. 
The multivariate model therefore contained group, length of night period, length of 
night period by group interaction, age, age by group interaction, analgesia frequency, 
analgesia frequency by group interaction, and vet-assigned severity score. None of these 
factors significantly predicted mean duration of an uninterrupted bout of rest during the 
night (p>0.05 for all).  
However, because all control dogs (and no osteoarthritic dogs) had a vet-assigned 
severity score of "none", and only one control dog was in receipt of analgesia 
(“occasional” frequency), it was thought that it may not be informative or sensible to 
include these factors as predictors in the same model. To explore whether this would 
affect the significance of outcomes, three separate models were created (see Appendix 
5.6), each containing length of night period, age, and one of group, analgesia frequency 
or vet-assigned severity score, as well as the interactions of this variable with length of 
night period and age. None of the predictors were significant (p>0.05) for the models 
containing vet-assigned severity score and analgesia frequency. Only length of night 
period was significant at the threshold of α=0.05 in the model containing group, 
(β=-6.40*10-6 ± 6.05*10-6, t=-2.071, p=0.0383) however it was not significant at a Holm-
Bonferroni-adjusted threshold for significance of α=0.0167 (since three separate models 
were used), nor at the α=0.05 threshold in the models that included analgesia frequency 
and vet-assigned severity score. Therefore it was concluded that none of these factors 
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had a significant effect on mean duration of an uninterrupted bout of rest during the 
night. The median values for each group of mean duration of an uninterrupted bout of 
rest during the night are shown in Figure 5.5. 




Figure 5.5: Boxplots showing the mean duration of a bout of rest during the (A) 
night and (B) daytime periods for each group.  
Boxplots show the median, interquartile range and extent of values up to 1.5 
interquartile ranges from the upper or lower quartile, for each group, calculated 
from the mean duration of a bout of rest in each period per dog. Outliers more than 
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1.5 interquartile ranges from the upper and lower quartiles were omitted for ease 
of visualisation, these consisted of values for three osteoarthritic dogs during the 
daytime period (two were above the median and one below). 
 
5.4.5 Mean duration of an uninterrupted bout of rest during the 
daytime: 
There were no significant differences in mean duration of an uninterrupted bout of rest 
during the daytime between groups (X2(1)= 0.479 p=0.489), as shown in Figure 5.5, or 
between levels of any other categorical variable (season, sex, breed class, analgesia 
provision, analgesia frequency, analgesia type, vet-assigned severity score or owner-
assigned severity score), at either Holm-Bonferroni-adjusted α values or at α=0.05. 
There were no significant correlations between mean duration of an uninterrupted bout 
of rest during the daytime and any continuous variable (age, body condition score, 
length of night period, SNoRE score, HCPI score, CBPI Severity score, CBPI Interference 
score, CBPI QOL score) at Holm-Bonferroni-adjusted α values. 
5.4.6 SNoRE score: 
Factors that had a significant (p<0.1) effect on SNoRE score in the initial models were 
HCPI score (β=0.141 ± 0.0713, z=-3.86, p=0.000115), HCPI score by group interaction 
(β=-0.105 ± 0.0983, z=2.09, p=0.0362), CBPI Severity Score (β=0.451 ± 0.420, z=-2.10, 
p=0.0354), CBPI Interference score (β=0.171 ± 0.187, z=-1.78, p=0.0742) and CBPI QOL 
score (β=-0.449 ± 0.392, z=2.25, p=0.0246). There was no significant effect of group 
(β=2.620 ± 5.21, z=-0.869, p=0.385). CBPI QOL score was significantly negatively 
correlated with HCPI score (t(36)=-3.79, p=0.00055, R=-0.534), CBPI Severity score 
(t(36)= -2.23, p=0.0326, R=-0.347) and CBPI interference score (t(36)=-2.46, p=0.0188, 
R=-0.379). Since all other clinical questionnaire scores were also correlated (see Section 
5.4.3) and appeared to measure biologically similar phenomena, HCPI score was 
selected for addition to the multivariate model to represent osteoarthritis severity as 
assessed via owner questionnaire, as it had the lowest main effect p-value in the initial 
model. The final model therefore contained only the predictors HCPI score, group and 
HCPI score by group interaction. There was a significant effect of HCPI score (β=0.141 ± 
0.0713, z=-3.86, p=0.000115) and HCPI score by group interaction (β=-0.105 ± 0.0983, 
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z=2.09, p=0.0362); dogs with higher HCPI scores tended to have higher SNoRE scores, 
but the magnitude of this relationship (gradient of regression line) was greater for 
control dogs than for osteoarthritic dogs, as shown in Figure 5.6. There was no 
significant effect of group (β=2.78 ± 5.38, z=-1.01, p=0.312) overall, despite dogs with 
osteoarthritis having slightly higher SNoRE scores, as shown in Figure 5.7. 




Figure 5.6: The effect of HCPI score on SNoRE score (A) overall and (B) for each 
group.  
Graphs show prediction lines in black or group-specific colours with grey or pale 
interquartile ranges. Each point represents the observed mean HCPI score and mean 
proportion of the daytime spent resting for each dog. Equations of linear regression 
lines for predicted values are also given. 
 




Figure 5.7: Mean SNoRE scores for each group of dogs.  
Graphs show means with 95% confidence interval error bars. 
 
5.5 Discussion: 
As with the discussion in Chapter 4, because of the complex nature of the analyses used 
in this chapter, this discussion is divided into two sections. Section 5.5.1 discusses the 
study findings, and Section 5.5.2 discusses the methodological limitations of the analysis 
techniques used in this study. 
5.5.1 Discussion of findings: 
The significant difference between groups for overall HCPI score and CBPI severity and 
interference scores implies that the osteoarthritic dogs were in more pain and had more 
mobility issues than dogs without osteoarthritis, suggesting that the dogs had been 
assigned to groups appropriately. Whilst there was no significant effect on CBPI quality 
of life score, this is not a validated component of the questionnaire (Brown et al., 2009), 
and thus may not significantly differ between groups, though the group mean CBPI QOL 
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score was higher (more positive) for control dogs (3.48 ± 0.084) than osteoarthritic dogs 
(3.18 ± 0.069).  
A significant effect of group on total proportion of the night period spent resting was 
found, with osteoarthritic dogs spending a significantly lower proportion of the night 
resting in comparison to control dogs. This suggests that dogs with osteoarthritis may 
experience sleep disturbance in that they spend a lower proportion of the night resting 
and show increased periods of night-time activity, as seen in human patients with sleep 
disturbances (Fielden et al., 2003, Law et al., 2012). Additionally, dogs with moderate 
osteoarthritis severity (whether assessed by the vet or owner), but not dogs with mild or 
severe osteoarthritis severity, spent significantly less of the night time period resting 
than dogs without osteoarthritis/dogs believed by the owner not to have osteoarthritis. 
This suggests that increasing osteoarthritis severity decreases rest/inactivity duration, 
which is believed to be indicative of decreased sleep duration (Fielden et al., 2003, Law 
et al., 2012). Whilst there was no significant difference between severely affected 
osteoarthritic dogs and control dogs/dogs believed by the owner not to have 
osteoarthritis, there were only two dogs with a “severe” vet-assigned severity score and 
one dog with a “severe” owner-assigned severity score, and no dogs were assigned as 
“severe” by both the vet and owner, so it is likely that the size of this category was too 
low to detect an effect. This fits with the findings of Fielden et al. (2003) that total hip 
replacement was able to significantly reduce actigraphic measures of sleep disturbance 
in human patients with osteoarthritis, implying the pain from osteoarthritis had been 
contributing to their poor sleep (Fielden et al., 2003). Whilst Leigh et al. (1988) did not 
find significant differences in actigraphic measures of sleep disturbance between 
osteoarthritic and healthy control participants, they did observe a non-significant trend 
for osteoarthritic participants to move around more during the night than control 
participants. Unlike the study described in Chapter 4, there was no significant effect of 
group*sex interaction on proportion of the night spent resting (or any other outcome 
measure investigated). 
The mean SNoRE score of osteoarthritic dogs was higher than that of control dogs, but 
this effect was not significant in the multivariate model. Whilst there was a significant 
effect of HCPI score (which was correlated with all other pain-related questionnaire 
scores) on SNORE score, potentially indicating that dogs with more severe pain had 
higher SNoRE scores, the effect size (gradient of regression line)was small and more 
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pronounced for control dogs than those with osteoarthritis, so it is unlikely that this was 
the case. 
These findings are surprising given those of Knazovicky et al. (2015) who found that 
sleep quality as measured by the SNoRE, but not total night-time activity, was improved 
by nonsteroidal analgesic treatment in osteoarthritic dogs. However Knazovicky et al. 
(2015) did not include a healthy control group with which to compare osteoarthritic 
dogs, and it is quite possible that the differences in night time activity of osteoarthritic 
dogs given meloxicam and placebo may not mirror the differences in night time activity 
between healthy control and osteoarthritic dogs. It may be that nonsteroidal analgesics 
treat sleep disturbances in osteoarthritic dogs by increasing their sleep quality but not 
their sleep duration (of which decreased time spent active during the night is often used 
as a proxy measure (Fielden et al., 2003, Law et al., 2012)), whereas osteoarthritis may 
decrease sleep duration in a way that is not ameliorated by meloxicam analgesia. 
Alternatively, nonsteroidal analgesics may themselves improve sleep quality by 
mechanisms other than treating pain, as nonsteroidal analgesia in humans is known to 
cause drowsiness (Cooper, 1984, Edwards et al., 1999) and this could potentially 
facilitate sleep. However, studies in human osteoarthritis patients have found changes 
in sleep quality as well as sleep duration (Wilcox et al., 2000, Taylor‐Gjevre et al., 2011), 
so it would seem surprising that osteoarthritis does not cause impaired sleep quality in 
dogs, especially as nonsteroidal analgesia appears to improve sleep quality in 
osteoarthritic dogs (Knazovicky et al., 2015).  
It may be that owners were not regularly present in the same room as the dog whilst the 
dog was sleeping, and so may have guessed the answers to the SNoRE or based their 
answers predominantly on sleep behaviours performed by the dog earlier in the day 
when the owner was awake, thus giving an inaccurate measurement of the dog’s true 
night-time sleep quality. However Knazovicky et al. (2015) did not describe the regular 
presence of the owner whilst the dog was sleeping as a recruitment criterion, and 
owners were instructed not to change the management of their dogs during the study, 
so it is likely this risk was present in their study also. Since owners were aware that the 
study aim was to investigate the effects of osteoarthritis on sleep (as assessed using 
proxy measures) and that osteoarthritis can affect sleep in humans (as this information 
was provided in the owner information sheet shown in Appendix 4.1), it is possible that 
this information coupled with their awareness of their dog's symptoms (or lack of 
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symptoms) of osteoarthritis may have affected their responses in the SNoRE 
questionnaire, however, if present, this effect would have been expected to have caused 
a greater difference in SNoRE scores between osteoarthritic and control dogs, and no 
such difference between groups was found (whereas in the study by Knazovicky et al. 
(2015) a significant effect of treatment on SNoRE score was found even though owners 
were blinded with respect to treatment). Additionally, the SNoRE score is not fully 
validated and has only previously been used to detect a difference in sleep quality 
between osteoarthritic dogs on nonsteroidal analgesic treatment compared to placebo 
(Knazovicky et al., 2015); it may not be as sensitive for detecting changes in sleep quality 
due to osteoarthritis itself.  
Furthermore, the study may not have had a sufficiently high sample size to detect 
changes in sleep quality due to osteoarthritis: The sample size of this study was based 
on calculations by Knazovicky et al. (2015) who calculated that at least 16 dogs would be 
required in order to sufficiently detect the expected changes in pain scores following 
meloxicam treatment in a repeated-measures study design, and then found that a 
sample size of 19 dogs was successfully able to detect significant differences in SNoRE 
scores between treatments, therefore this study was designed to recruit a target sample 
size of at least 19 dogs per group. However, the effect of meloxicam compared to 
placebo or no treatment on osteoarthritis-related pain may be larger than that of the 
difference between dogs with and without osteoarthritis, especially since 50% and 60% 
of the dogs recruited were assigned “mild” owner- and vet-assigned severity scores 
respectively, 10/20 osteoarthritic dogs (50%) were on analgesic treatment (all but one 
including nonsteroidal analgesics), seven of which (35%) received analgesic treatment 
daily. Additionally, Knazovicky et al. (2015) recruited only dogs with radiographic 
evidence of osteoarthritis in addition to owner reports of osteoarthritis symptoms 
(Knazovicky et al., 2015), whereas in this study radiographic evidence of osteoarthritis 
was not required, which could have affected the assessment of osteoarthritis severity in 
the dogs or caused dogs to be placed in different groups than if they had been 
categorised by the presence or absence of radiographic signs of osteoarthritis. However, 
there is evidence that the severity of radiographic symptoms of osteoarthritis is not 
particularly correlated with the severity of chronic pain from osteoarthritis, in humans 
(Bedson and Croft, 2008) or dogs (Hielm-Björkman et al., 2003), and furthermore 
radiography would have required sedation or anaesthesia of the dogs, requiring a 
project license from the Home Office (Animals (Scientific Procedures) Act, 1986), and 
Chapter 5: Comparison of resting behaviour in dogs with and without osteoarthritis 
243 
 
would have meant that owners would have been required to visit the veterinary hospital 
rather than have the study performed in their own homes during a single visit, which 
combined with the inconvenience and risks associated with anaesthesia would have 
been likely to discourage recruitment of owners and their dogs. 
Additionally, Knazovicky et al. (2015) also found that dogs with predominantly forelimb 
impairment showed higher night-time activity (less rest) but lower SNoRE scores than 
those with predominantly-hindlimb impairment, so the location of osteoarthritis may 
have an effect on movement during the night that is not necessarily attributable to 
altered wakefulness. In this study dogs were not considered predominantly forelimb or 
hindlimb impaired, though the clinical examination forms used to classify the group, 
osteoarthritis severity and signalment of each dog did assess the presence/absence and 
nature (but not severity) of abnormalities at every appendicular joint (see Appendix 2.1). 
Examination of these forms revealed that more than a third of osteoarthritic dogs 
recruited had signs of osteoarthritis in at least one forelimb joint and at least one 
hindlimb joint (see Appendix 5.5), therefore in future studies it would be useful to 
include a question to record whether the vet and/or owner considered the dog to be 
more severely affected in their forelimbs or hindlimbs, so that this variable could be 
included in analyses. 
Whilst there was no effect of group on the mean time spent resting during the day in the 
multivariate model, there was a significant effect of HCPI score, with higher HCPI scores 
predicting slightly longer periods of the day spent resting. Although this may appear to 
suggest that dogs with higher HCPI scores and thus more severe pain from osteoarthritis 
showed increased amounts of rest (and thus decreased activity) during the day, this 
effect was only seen in control and not osteoarthritic dogs and therefore was not due to 
the effect of pain from osteoarthritis on the HCPI score (in fact dogs with osteoarthritis 
on average spent less time resting and therefore more time active during the day, 
though this was not significant). This effect could have occurred for several reasons: It is 
possible that control dogs with higher HCPI scores had undiagnosed illnesses that were 
not detectable on clinical examination but caused both pain and fatigue, and therefore 
increased daytime rest compared to control dogs with lower HCPI scores. It is also 
possible that the effect was specific to the dogs studied and not generalisable to the 
wider canine population; this study involved several outcome measures and as such 
overfitting of the data and detection of significant effects that are due to variation 
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within the sample rather than population-level differences is a possibility. Additionally, 
control dogs had a smaller range of HCPI scores compared to osteoarthritic dogs; and as 
such the predicted data for this effect required extrapolating the prediction beyond the 
available range of data for control dogs. It is possible that this effect would not be 
observed if healthy control dogs with a greater range of HCPI scores were recruited, 
however this would be difficult as it is unlikely that healthy dogs with no obvious painful 
pathology would show significant chronic pain and thus would have HCPI scores as high 
as those observed in osteoarthritic dogs. Because of these reasons, and because the 
effect size (beta estimate) was so small, this finding should be considered tentative and 
viewed with caution unless it can be confirmed in a larger study. 
This study also assessed the effect of group and other factors on the mean duration of a 
period of uninterrupted rest during the day and night. However no factors, including 
group, had a significant effect on the mean duration of a period of uninterrupted rest 
during the night or day. Whilst human osteoarthritis patients report high rates of 
awakening during the night or early morning (Wilcox et al., 2000, Taylor‐Gjevre et al., 
2011), Mullaney et al. (1980) found that wrist actigraphy in humans was poorly 
correlated with polysomnographic measures of night-time awakenings. It may be that 
dogs with osteoarthritis do awaken during the night but do not significantly change their 
movement such that the FitBark activity monitor does not accurately record this change, 
or it may be that events other than awakenings (such as movement during sleep) may 
cause an increase in activity that is then recorded as an interruption to a period of rest 
in both control and osteoarthritic dogs. This seems likely given that the group medians 
of the individual mean durations of uninterrupted rest during the night were less than 
15 minutes for both groups, indicating regular switching from rest to activity as recorded 
by the FitBark activity monitor. 
5.5.2 Methodological limitations: 
There are some methodological limitations to this study. Firstly, the absence or 
relatively low levels of activity recorded as "rest" using the FitBark device and algorithms 
may not be fully representative of sleep itself: Some human studies report high levels of 
agreement between actigraphic measurements of rest/inactivity (which is generally 
assumed to represent sleep (Fielden et al., 2003, Law et al., 2012)) and direct 
polysomnographic measures of sleep itself (Kripke et al., 1978, Mullaney et al., 1980, 
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Webster et al., 1982, Gale et al., 2005). However, agreement appears to be lower in 
patients with disturbed sleep or poor sleep quality than in healthy participants (Sadeh et 
al., 1989, Sivertsen et al., 2006). This may be because whilst actigraphy has high 
sensitivity for detecting sleep, it generally has relatively poor specificity and therefore 
often fails to detect periods of wakefulness (Mullaney et al., 1980, de Souza et al., 2003, 
Gale et al., 2005, Paquet et al., 2007, Sitnick et al., 2008), which tend to occur more 
often and/or for longer periods in participants with disturbed sleep (Gale et al., 2005, 
Sivertsen et al., 2006).  
Polysomnography is considered the “gold standard” method for sleep monitoring (Sadeh 
et al., 1995) and has been used in laboratory-housed dogs previously (Takeuchi and 
Harada, 2002). However, because of the invasiveness of the procedure and associated 
licensing requirements (Animals (Scientific Procedures) Act, 1986), expensive equipment 
and specialist expertise required for generating and analysing the polysomnographic 
traces, as well as the inability of this method to collect data over a long period within the 
dog’s own home environment, it was not considered a suitable technique for this study. 
Additionally, the algorithms that distinguish whether a particular minute was spent in 
activity or rest using the raw activity recordings are the intellectual property of FitBark 
and have not yet been validated in peer-reviewed literature, so may not be entirely 
accurate. Knazovicky et al. (2015) appear to have used Actical activity monitors 
(Wernham et al., 2011, Knazovicky et al., 2015), which have been validated against 
videographic measurements of activity during the day in a laboratory setting (Hansen et 
al., 2007), and therefore may be more accurate than the FitBark system, which may 
explain the discrepancy in results obtained between this study and that of Knazovicky et 
al. (2015). However the Actical has not yet been validated for night-time use within 
owners’ homes, and the FitBark system was selected primarily for its ease of use by 
participating owners (Canine Journal, 2017) as well as its ability to upload each dog’s 
data remotely and allow these data to be accessed online, rather than requiring the data 
to be imported from the device directly, as required with the Actical (Wernham et al., 
2011). Therefore instead of visiting each owner’s home multiple times to acquire data 
from their device or requiring owners to visit the research facility, only a single initial 
visit to each participating owner’s home was required. This dramatically reduced the 
time required to perform the study and decreased demands on owners’ time, 
potentially increasing recruitment and retention of participating dogs and owners. 
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It is also possible that for certain periods the FitBark activity monitor was removed from 
the collar, for charging or to avoid damage e.g. if the dog was being bathed or walked in 
an area where they were likely to swim. Owners were advised to charge the activity 
monitor once a week for approximately 90 minutes, which was considered acceptable as 
it constituted only 0.89% of the total recording time and since the same information 
sheet (see Appendix 4.1) was given to all owners it was assumed that this period of 
unrecorded activity would be similar for all dogs, however it is possible that the monitor 
was not replaced on the dog’s collar immediately after charging was complete in all 
cases. Owners were also asked to remove the FitBark temporarily if the dog was being 
bathed, undergoing hydrotherapy or was off the leash in an area in which they were 
likely to swim, in order to protect the device from water damage. FitBark have recently 
released a new device, the FitBark2, which is waterproof (FitBark, 2018b), however this 
was not available at the time of the study. 
There is also the issue that dogs receiving analgesia treatment were included in the 
study, which may have limited the ability to detect differences in rest duration or sleep 
quality that truly exist between control dogs and dogs with untreated pain from 
osteoarthritis. The decision to include these dogs was made because in the study 
described in Chapter 2, it took several months to recruit sufficient numbers of 
osteoarthritic dogs that were not receiving analgesic medication, and there were no 
dogs recruited with a “severe” owner- or vet-assigned severity score. Since it seems 
likely that more severely-affected osteoarthritic dogs are more likely to be receiving 
analgesic treatment, recruiting dogs that were taking analgesic medication seemed 
reasonable in order to ensure more severely-affected dogs were included in the study, 
and to increase the number of osteoarthritic dogs that were eligible to participate 
overall. In order to reduce the extent to which analgesic provision affected the results, 
factors related to the presence, type and frequency of analgesia were pre-screened for 
addition to each multivariate model, and each dog’s osteoarthritis severity was assessed 
without changing their normal analgesic provision. However, whilst including these 
variables was important in order to assess whether analgesia provision had any effect on 
outcome measures (no factors relating to analgesia were significant in any multivariate 
model), this did result in more factors being added to initial pre-screening models, 
increasing the risk of overfitting (Babyak, 2004). 
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As discussed in Chapter 4, studies such as this using mixed-effects models to analyse 
datasets containing large numbers of variables are prone to overfitting. The use of 
stepwise regression was avoided in order to prevent further reductions to the degrees 
of freedom (Babyak, 2004), however it would have been optimal to avoid initial pre-
screening models and specify a smaller group of variables of interest a priori (Babyak, 
2004, Whittingham et al., 2006) in order to reduce the probability of overfitting. 
However, this study was the first to compare rest duration and quality in dogs with and 
without osteoarthritis, and a systematic search revealed that studies (other than that by 
Knazovicky et al. (2015)) that have identified factors likely to have an effect on sleep 
quality in companion animal dogs are small in number and have focused on age (Bain et 
al., 2001, Takeuchi and Harada, 2002, Reichling et al., 2006) and pruritis (Wernimont et 
al., 2018). Therefore it was important to investigate other factors that differed between 
the dogs recruited in order to explore whether any changes were likely to be due to 
osteoarthritis or other variables (or to investigate whether osteoarthritis interacted with 
other variables). For these reasons, this study should be seen as exploratory rather than 
confirmatory, and its findings should be considered suggestive until further studies with 
larger sample sizes and/or fewer variables that differ between animals can be 
performed, or until sufficient information is available on the factors likely to affect sleep-
related outcomes in dogs such that a model can be specified a priori. 
As with all linear model analyses with large numbers of continuous predictors, there was 
also the concern that collinearity could be a problem. To combat this, where highly 
correlated continuous measures met the criteria to be included in a multivariate model, 
all but one of these was removed – thus in the models for proportion of time spent 
resting during the day and SNoRE score HCPI score was used to represent severity of 
pain from osteoarthritis assessed via questionnaire and the other questionnaire scores 
were omitted. Whilst age and length of night period were also significantly correlated, 
the correlation was weak (Pearson test: t(39)=-2.04, p=0.0480, R=-0.311), and collinearity 
is thought to be likely with correlation coefficients of R≥0.7 (Dormann et al., 2013). 
Therefore both of these were included together in the models for mean duration of an 
uninterrupted period of rest during the night.  
The main outcomes in this study (SNoRE score and proportions of time spent resting 
during the night and daytime) were analysed using robust general linear models using 
the robustlmm package in R, which uses a smoothed Huber function to increase 
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robustness to outliers and other violations of the assumptions of linear models (Koller, 
2016), but still assumes the data are approximately Gaussian in distribution (Koller, 
2016). This was advantageous as it allowed the data for these outcomes to be analysed 
using a mixed-effects model framework, and meant that it was possible to include 
interactions of other factors with group. It would have been possible to analyse these 
data using nonparametric rank-based analyses on the mean value of each variable for 
each dog, which would not allow the potential for interactions between group and other 
variables to be investigated, and would reduce the amount of information contained in 
the data analysed to a single value per dog, rather than several values nested within the 
variables “Week” and “Dog”. However, the robustlmm package is relatively novel and 
much of the information available on its usage is from a single peer-reviewed paper 
(Koller, 2016). The rlmer() function used in these analyses increases robustness at the 
cost of decreasing asymptotic efficiency (Koller, 2016) (a measure of model quality in 
terms of precise parameter estimation (Everitt and Skrondal, 2002; pp. 24 and 149)), 
thus the fit of the models is less good than those fit using a conventional mixed effects 
linear model on data that would meet all of the relevant assumptions. The extent to 
which robustness is favoured over asymptotic efficiency can be specified within the 
function (Koller, 2016), however without advanced statistical knowledge or prior 
information relating to the area of study it would be difficult to ascertain the optimal 
settings for each outcome variable. The robust models created also have the 
disadvantage of being incompatible with AIC or BIC measures of model quality (as the 
robust equations do not correlate with measures of likelihood or pseudo-likelihood) 
(Koller, 2016), thus these methods cannot be used to identify the best models from a 
selection as they can with general linear models. 
5.5.3 Conclusion: 
In conclusion, whilst this is an exploratory study and further research is required to 
assess whether these findings are generalisable to the canine population at large, this 
study found evidence that suggests that dogs with osteoarthritis spend less time resting 
and more time active during the night. 
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Chapter 6 Conclusion 
The aim of this thesis was to investigate whether dogs with chronic pain from 
osteoarthritis show deficits in working memory and sleep. Using a modification of the 
disappearing object task designed by Fiset et al. (2003), it was found that female 
neutered osteoarthritic dogs showed spatial working memory deficits compared to 
female neutered control dogs, though the performance of male neutered osteoarthritic 
dogs did not significantly differ from male neutered control dogs. Using actigraphic 
measures and owner questionnaires, it was also found that dogs with osteoarthritis 
spent significantly less time resting during the night than control dogs, but did not show 
significant differences in sleep quality as assessed by their owners. There was no 
significant effect of sex on SNoRE scores or time spent resting during the day or night. 
6.1 Overview of findings: 
Chapter 2 described a study comparing the performance of dogs with and without 
chronic pain from osteoarthritis in the novel object recognition task, which assesses 
non-spatial working memory for objects (Dudchenko, 2004, Ennaceur et al., 2005) and 
the holeboard task, which assesses spatial working memory (van der Staay et al., 2012). 
Dogs with clinical signs of osteoarthritis showed higher scores on all validated pain-
related questionnaire scores than healthy control dogs, suggesting that the clinical 
checklist was effective at correctly distinguishing osteoarthritic and control dogs. 
Surprisingly, osteoarthritic dogs spent a greater proportion of time interacting with the 
novel object than the familiar object compared to control dogs in the novel object 
recognition task, which may indicate increased neophilia or increased non-spatial 
working memory for objects. However, the total time spent interacting with objects for 
both groups of dogs was very low, suggesting that dogs were not particularly interested 
in them. Spatial working and reference memory scores in the holeboard task did not 
significantly increase with successive trials, indicating that neither group of dogs had 
successfully learned how to perform the task within the number of trials given. 
Therefore Chapter 3 described a study assessing dogs’ performance on a version of the 
holeboard task containing a greater number of trials and on a disappearing object task 
similar to that previously described by Fiset et al. (2003), in order to assess whether 
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dogs were able to learn the tasks and if so, which would be more feasible to use in order 
to compare the spatial working memory capabilities of dogs with and without chronic 
pain from osteoarthritis. It was found that dogs were able to learn how to complete the 
holeboard task if given sufficient trials over two days (three if a configuration change 
was included), and could successfully perform the disappearing object task in a single 
day. Therefore the disappearing object task was selected to compare the spatial working 
memory of osteoarthritic and control dogs in Chapter 4. Whilst osteoarthritic dogs had a 
slightly lower probability of successfully locating the object than control dogs, this effect 
was not significant overall, however female neutered dogs but not male neutered dogs 
showed significant differences in probability of success compared to control dogs of the 
same sex. There was no overall difference between groups in adjusted latency to 
approach the box visited, though osteoarthritic dogs had a wider distribution of 
latencies than control dogs, possibly due to heterogeneity of osteoarthritis severity. 
Chapter 5 compared two proxy measures of sleep in dogs with and without 
osteoarthritis; rest/inactivity duration measured using actigraphy and owner-perceived 
sleep quality measured using the SNoRE questionnaire, developed by Knazovicky et al. 
(2015). Osteoarthritic dogs overall spent significantly less time resting and more time 
active during the night than control dogs, this was also true for dogs with moderate 
osteoarthritis severity but not those with mild osteoarthritis severity or severe 
osteoarthritis severity (although only 1-2 dogs were considered to have “severe” 
osteoarthritis by the owner or the vet, and none by both). Whilst the mean SNoRE score 
of osteoarthritic dogs was slightly higher than that of control dogs, this effect was not 
statistically significant. 
6.2 Contribution to literature: 
This work provides the first evidence of working memory impairments associated with a 
chronic pain-causing condition in the dog, supporting previous findings that working 
memory impairments are associated with chronic pain in humans (Dick and Rashiq, 
2007, Berryman et al., 2013) and rats (Ren et al., 2011, Cardoso-Cruz et al., 2013a, 
Cardoso-Cruz et al., 2013b). Surprisingly, this effect appeared to occur in female 
neutered osteoarthritic dogs but not in male neutered osteoarthritic dogs, which is 
interesting in the context of previous findings that human women generally have more 
severe osteoarthritis symptoms than men (Affleck et al., 1999, Keefe et al., 2000), and 
that osteoarthritis incidence increases following menopause (Silman and Newman, 
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1996, Wluka et al., 2000). Whilst dogs and most other mammalian species do not 
experience a menopause (Johnstone and Cant, 2010), ovariectomy induces 
osteoarthritis-like changes in sheep (Cake et al., 2005) and rats (Høegh-Andersen et al., 
2004) that may mirror the changes seen in the joints of post-menopausal women 
(Høegh-Andersen et al., 2004). Therefore it seems plausible that 
ovariectomy/ovariohysterectomy could also induce similar changes in female dogs, 
causing increased severity of osteoarthritis clinical signs and possibly increased 
impairment of spatial working memory. Because human men do not undergo a 
menopause analogue and are rarely gonadectomised, it is unknown how castration 
would affect the severity of spontaneous osteoarthritis in humans, though in one study 
castrated male mice developed less severe osteoarthritic changes in the stifle following 
meniscal destabilisation (a surgically induced model of osteoarthritis) than entire males, 
whereas ovariectomised female mice developed more severe changes following 
meniscal destabilisation than entire females (Ma et al., 2007), suggesting that neutering 
may be protective against osteoarthritis-like changes in males but facilitative of such 
changes in females. This could explain how osteoarthritis severity could be greater in 
female dogs compared to male dogs even when the dogs were neutered, which could 
potentially lead to greater effects from osteoarthritis on the working memory of female 
neutered dogs compared to males. 
 However, whilst female osteoarthritic dogs did have higher median HCPI and CBPI 
Interference and Severity scores (owner-assessed measures of osteoarthritis severity) 
compared to males, this difference was not statistically significant, therefore it is 
possible that factors other than sex differences in osteoarthritis severity are responsible 
for the different effects of osteoarthritis on spatial working memory in male and female 
neutered dogs. Keefe et al. (2000) found that differences in pain perception and pain 
behaviours in human women compared to men were largely due to increased pain 
catastrophising (the tendency of patients to disproportionately focus on pain and more 
negatively perceive their ability to cope with their pain) in women (Keefe et al., 2000). 
Previous studies have also shown that pain catastrophising is associated with impaired 
attention (Crombez et al., 1999, Grisart and Van der Linden, 2001) and short-term recall 
(Grisart and Van der Linden, 2001) in chronic pain patients. Whilst it is technically 
possible that female dogs with osteoarthritis may also be more likely to focus on their 
pain than male dogs, perhaps due to congenital differences in anatomy or physiology 
that are not inhibited by neutering, and that this may explain their impaired spatial 
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working memory in the disappearing object task, it seems more likely that sex 
differences in pain catastrophising in humans would be due to hormonal or societal 
differences between human men and women. Additionally, it is not currently known 
whether catastrophising is possible in non-human animals or if so how it could be 
tested. Since female mammals generally show impaired performance in spatial tasks 
compared to males (Jones et al., 2003, Cánovas et al., 2008), it is also possible that 
female dogs found the disappearing object task more difficult than male dogs, and this 
increased difficulty combined with distraction from osteoarthritis-related pain caused 
impaired performance in female osteoarthritic dogs, but that the effects of these factors 
individually were not sufficient to impair performance in female control dogs or male 
osteoarthritic dogs. 
This project also provides evidence that osteoarthritis in dogs is associated with 
decreased night-time rest (and therefore with increased night-time activity) but not with 
changes in owner-assessed sleep quality assessed via the SNoRE questionnaire. This is in 
contrast to the findings of Knazovicky et al. (2015) who found that nonsteroidal 
analgesic treatment of dogs with osteoarthritis was not associated with significant 
differences in night-time activity compared to no treatment or placebo, but was 
associated with significantly decreased SNoRE scores. However, Knazovicky et al. (2015) 
did not compare the SNoRE scores or actigraphy results of osteoarthritic dogs with those 
of a healthy control group, therefore these differences could be due to differences in 
the independent variables being compared (nonsteroidal analgesic/placebo 
administration c.f. presence/absence of osteoarthritis): It is possible that nonsteroidal 
analgesics are able to improve sleep in dogs with osteoarthritis by improving sleep 
quality and not by reversing the osteoarthritis-mediated increase in night-time activity. 
However, many of the osteoarthritic dogs recruited in the study described in Chapter 5 
were receiving various analgesic drugs at differing frequencies, and whilst the variables 
associated with analgesia did not have a significant effect on night-time rest or on 
SNoRE scores, analgesia could still have had a confounding effect in some way. 
Additionally, some dogs may not have been sleeping in a location that allowed for easy 
observation by owners, such that SNoRE responses may not have been particularly 
accurate for all dogs, and given that owners would not have been able to observe their 
dogs continuously throughout each night it is possible that dogs may have performed 
behaviours associated with higher SNoRE scores such as moving, pacing or vocalising 
whilst sleeping, and that these may not have been observed by owners. Since night-time 
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inactivity is considered representative of sleep in human actigraphy studies (Fielden et 
al., 2003, Law et al., 2012), the findings of this study also support the findings from 
existing literature that sleep is impaired in chronic pain patients (Nicassio and Wallston, 
1992, Drewes et al., 2000, Riley et al., 2001), including those with osteoarthritis when 
assessed by self-report measures (Wilcox et al., 2000, Power et al., 2005, Taylor‐Gjevre 
et al., 2011). The discrepancy in findings between this study and that of Knazovicky et al. 
(2015) in terms of actigraphic measures is also interesting in the context of conflicting 
results from actigraphic studies on sleep in human osteoarthritic participants: Whilst 
Fielden et al. (2003) found that total hip arthroplasty improved actigraphic measures 
relating to sleep (including night-time activity) in osteoarthritic patients, Leigh et al. 
(1988) found no significant difference in nocturnal body movement between 
osteoarthritic patients and healthy controls, and Taibi and Vitiello (2011) found that 
whilst yoga improved subjective measures of sleep quality in osteoarthritic patients, 
there was no effect on actigraphic sleep measures. Since the specificity (ability to detect 
time spent awake) of actigraphy is generally low (Sadeh, 2011) and varies between 
algorithms (Paquet et al., 2007), it is possible that the discrepancy between actigraphic 
sleep outcomes in human osteoarthritis studies and the discrepancy in actigraphic 
findings between this project and the study by Knazovicky et al. (2015) may have been 
due to differences in the algorithms used. Knazovicky et al. (2015) used an Actical 
actigraphic device (Wernham et al., 2011, Knazovicky et al., 2015), which has been 
validated against videographic measurements of dogs’ activity during the day in a 
laboratory setting (Hansen et al., 2007), whereas the FitBark system has not been 
validated against video recordings of dogs’ activity in the accessible peer-reviewed 
literature, so may not be as accurate as the Actical, which may explain the differing 
results of these studies.  
The findings of this study also build on the existing literature on cognitive assessment in 
dogs: The study described in Chapter 3 provides the first evidence that the holeboard 
task can be successfully performed in dogs, which show similar working memory scores 
to those previously observed in rats (van der Staay, 1999), and pigs (Arts et al., 2009, 
Gieling et al., 2012, Bolhuis et al., 2013, Haagensen et al., 2013a, Haagensen et al., 
2013b, Antonides et al., 2015). Whilst dogs’ reference memory scores were generally 
lower than those recorded in rats and pigs (van der Staay, 1999, Arts et al., 2009, Gieling 
et al., 2012, Bolhuis et al., 2013, Antonides et al., 2015) some studies found similar 
reference memory scores in pigs (Haagensen et al., 2013a, Haagensen et al., 2013b). 
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Furthermore, due to time and recruitment constraints this study used trials that were 
more closely spaced together than most others, and since this is known to impair 
reference but not working memory (Spreng et al., 2002, Commins et al., 2003) this could 
explain the comparably low reference memory scores observed in this study compared 
to others. The findings that dogs’ holeboard performance was comparable to that 
previously seen in rats (van der Staay, 1999) is surprising given that Macpherson and 
Roberts (2010), reported that dogs showed “surprisingly low” performance on a radial 
maze task in comparison to rats. However, the radial maze task relies on travelling 
through narrow enclosed arms rather than searching a grid of holes/buckets placed in 
an open space, and laboratory rats show an aversion to open spaces (Candland and 
Campbell, 1962, Denenberg, 1969) and a preference for enclosed spaces (Pellow et al., 
1985). It is possible that dogs do not show such a preference, which may explain why 
dogs perform similarly well (in terms of working memory score) to rats in the holeboard 
task but less well in the radial maze task. 
6.3 Implications: 
The finding that chronic pain from osteoarthritis may be associated with impaired night-
time rest and working memory in dogs has implications for dogs’ behaviour. In humans, 
impaired working memory is associated with inattention and regular distraction from 
everyday tasks (Kane et al., 2007, Spencer-Smith and Klingberg, 2015) as well as 
decreased ability to find locations or objects and to do more than one task at the same 
time (Johansson and Tornmalm, 2012). Therefore dogs may also have impaired 
attention (which could manifest as impaired ability to learn or perform trained 
behaviours or to respond to the owner) and decreased ability to navigate in space, 
which could manifest as the dog appearing to be lost, having difficulty efficiently 
navigating their home environment or appearing less able to find and retrieve objects 
such as toys or food. This also has implications for the veterinary profession. For 
example, it would be useful to encourage recognition amongst veterinary professionals 
that osteoarthritis may be a potential cause of sleep disturbance and impaired working 
memory, so that osteoarthritis could be considered a differential diagnosis in dogs 
presenting to veterinary practices with these clinical signs, and to prevent sleep or 
working memory problems in dogs from being misattributed to other factors such as age 
related cognitive decline, poor training or systemic disease. These findings also have 
implications for owners of dogs with osteoarthritis, as increased owner awareness that 
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osteoarthritic dogs may experience sleep or working memory difficulties along with their 
other clinical signs (such as pain and reduced mobility), may allow owners to take steps 
to accommodate these changes. For example, owners could provide comfortable and 
quiet sleeping locations and analgesic treatment when necessary (as Knazovicky et al. 
(2015) found that nonsteroidal analgesia significantly improved owner-assessed 
measures of sleep quality), and could maintain a consistent, open environment free 
from clutter that dogs with working memory deficits may find easier to navigate. 
However, these findings should be confirmed in a different, larger sample of dogs before 
they are disseminated as fact to owners and veterinary surgeons, to confirm their 
validity in the general canine population and not just the sample recruited. 
There are also potential implications for human chronic pain and osteoarthritis patients: 
Because it appears that chronic pain from osteoarthritis may cause working memory 
deficits in some dogs, similar to those that occur in human chronic pain (though it is not 
yet known whether this is the case in osteoarthritis), as well as increased night-time 
activity and therefore probable sleep deficits, similar to those reported in human 
chronic pain patients (including those with osteoarthritis), this provides evidence that 
spontaneous canine osteoarthritis has good translational validity as a model of human 
chronic pain and osteoarthritis. Spontaneous canine osteoarthritis shows many other 
similarities to human osteoarthritis including radiographic changes (Innes et al., 2004, 
Zhang and Jordan, 2010), disability/lameness (Peat et al., 2001, Hielm-Björkman et al., 
2003, Hawker et al., 2008, Marshall et al., 2010), behavioural changes or subjective 
reports consistent with pain (Wiseman et al., 2001, Hawker et al., 2008, Hielm-Björkman 
et al., 2009), gene expression (Clements et al., 2006), cartilaginous proteoglycan levels 
(Liu et al., 2003), and responses to analgesic (Jordan et al., 2003, Brown et al., 2008, 
Hielm-Björkman et al., 2009) and surgical (Conzemius et al., 2003, Lascelles et al., 2010, 
Beswick et al., 2012) treatment. Therefore the understanding that both canine and 
human osteoarthritis appear to be associated with impaired night time sleep adds to 
this body of evidence suggesting that canine osteoarthritis is a translationally valid 
model for human osteoarthritis. Whilst no published studies appear to have investigated 
whether chronic pain specifically from osteoarthritis is associated with impaired working 
memory in humans, the evidence from this study that spatial working memory may be 
impaired in female dogs with spontaneous osteoarthritis, and from previous studies 
showing that chronic pain from other conditions impairs working memory in humans 
(Berryman et al., 2013), suggests that it is possible that humans with osteoarthritis may 
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experience deficits in working memory also. The findings of this study also support the 
use of chronic pain from spontaneous canine osteoarthritis as a model for human 
chronic pain more generally, as both sleep (Nicassio and Wallston, 1992, Riley et al., 
2001) and working memory (Berryman et al., 2013) are known to be impaired in human 
chronic pain, and canine spontaneous osteoarthritis appears to be one of the more 
common causes of chronic pain in dogs. There are also implications for research ethics: 
These results support the translational validity of spontaneous canine osteoarthritis as a 
model for human osteoarthritis and/or chronic pain, and more widespread use of this 
model could lead to a reduction in the use of laboratory animals and painful 
experimentally induced osteoarthritis-like conditions (or other induced chronic pain 
models), which would be compatible with the “3Rs” framework for ethical animal use 
(Guhad, 2005).  
The findings of this project also have implications for the assessment of working 
memory in dogs. The holeboard task has not been previously described in dogs, and the 
finding that dogs’ working memory scores are similar to those in other species suggests 
that this task may be more appropriate for the assessment of working memory in dogs 
than the radial maze task, in which Macpherson and Roberts (2010) described dogs’ 
performance as “surprisingly low”. Dogs were able to learn and perform the holeboard 
task in only three days, whereas the delayed non-matching to position tasks used by 
N.W. Milgram’s research group (Adams et al., 2000, Tapp et al., 2003, Zanghi et al., 
2015) require prolonged training periods of several weeks. Therefore the holeboard task 
appears to be advantageous in situations where researcher access to animals is limited 
to short periods, such as in studies using animals owned by members of the public. 
Additionally, the holeboard task has the advantages of allowing dogs’ spatial working 
and spatial reference memory to be assessed simultaneously, which could provide more 
information about learning and memory in dogs, and because the holeboard task does 
not require a researcher to be present in the arena during the task performance, it may 
also be suitable for the assessment of spatial working and reference memory in non-
domesticated canid (and potentially non-canid) species such as those kept in zoos or 
wildlife parks, providing a new method for comparative memory research in non-
domesticated species. This project was also the first to use the disappearing object task 
devised by Fiset et al. (2003) in two distinct groups of dogs in order to successfully 
identify differences in spatial working memory; whilst Fiset and Plourde (2013) have 
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used a different disappearing object paradigm featuring a moving container to compare 
object permanence and ability to track moving hidden objects in dogs and wolves, that 
paradigm used and the research questions it aimed to answer were quite different from 
the disappearing object task used in this study and by Fiset et al. (2003). The 
disappearing object task described in Chapter 4 of this project is advantageous as 
training and testing can be performed in a single session of under two hours, and all of 
the equipment is mobile and can be transported to and set up within the dogs home 
environment, allowing easier recruitment of dogs and owners since they do not have to 
visit the research site in order to participate, and is potentially more representative of 
their working memory in everyday life than a task performed in an unfamiliar novel 
setting. This project was also the first to attempt in dogs the single session novel object 
recognition task first described by Ennaceur and Delacour (1988), however the total 
time spent interacting with the objects was very low and dogs appeared more motivated 
to leave the arena and be reunited with their owners than to explore the objects. This 
information could be useful in informing future attempts at performing this task in dogs, 
as it suggests that objects may need to be different or more interesting to attract the 
attention of dogs compared to laboratory rats (which are generally housed in more 
barren environments and probably have had fewer experiences of novelty or unusual 
objects in general (Würbel, 2001)), and that tasks should perhaps be performed in the 
owners’ home with the owner present in order to prevent the dog from being motivated 
to escape. 
6.4 Limitations: 
There are several limitations to the studies undertaken within this project, some of 
which relate to the experimental design and others which relate to the analysis 
techniques used. One limitation relating to the experimental design is that the use of 
client-owned dogs meant that it was necessary to use assays that could be completed in 
a single session or remotely, as having access to dogs for several regularly-spaced 
consecutive sessions was very unlikely. This limited the range of tasks and 
measurements that it was possible to perform in these animals. Whereas studies in 
laboratory-housed rodents (Wirsching et al., 1984, Gutnikov et al., 1994, van der Staay, 
1999) and dogs (Tapp et al., 2003, Snigdha et al., 2012, Zanghi et al., 2015), and in 
livestock species such as pigs (Mendl et al., 1997, Gieling et al., 2012, Bolhuis et al., 
2013) often use more prolonged tasks requiring several weeks of habituation, training 
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and testing (as the animals are available throughout such periods), this is not feasible in 
companion animal dogs. 
Another limitation affecting the experimental design was the inability to thoroughly 
blind recording and analysis, despite attempts to blind data collection and recording as 
much as possible: The assistants who performed the event logging from the video files in 
the studies described in Chapters 2 and 3 were blinded in that dogs were identified by a 
code (e.g. “A1”) and no information about each dog was provided beyond that which 
was apparent from watching the videos. Additionally, whilst the person performing the 
event logging for the study described in Chapter 2 was aware that there were two 
groups of dogs and that the study was about dogs with osteoarthritis, they were not 
informed which group consisted of osteoarthritic dogs and which group consisted of 
control dogs. Similarly, the experimenter responsible for restraining the dogs and 
recording their disappearing object task performance in the study described in Chapter 4 
was also not aware of the group to which each dog had been assigned following clinical 
examination, though in some cases information provided in comments from the owner 
or by observation of the dog’s gait may have revealed whether they were likely to have 
osteoarthritis. However, not all aspects of the study were thoroughly blinded: The 
clinical examination of each dog and analysis of the outcomes for each study (following 
recording or event logging) were performed by the same person (MS), therefore the 
analysis itself was not blinded. Blinding was also not possible for owner questionnaires 
because owners already knew their dogs well and were likely to have informed opinions 
on whether their dog was likely to have osteoarthritis (this differed from the veterinary 
surgeon’s (MS) assessment in only one case in each of Chapters 4 and 5). Optimally, 
different researchers would have been responsible for clinical examination of the dogs 
and scoring and analysis of their task performance, with the groups, severity scores, 
medication categories etc. referred to by a code such that the person performing the 
analysis would not be able to ascertain which dogs were in each category. However, as 
these studies were undertaken within a PhD project, it was considered important for the 
candidate/thesis author (MS) to be heavily involved in both data collection and analysis, 
and since recruitment of animal handling and event logging assistants was difficult, it 
seemed infeasible to recruit another qualified veterinary surgeon to examine the dogs. 
Additionally, not knowing how many dogs had been recruited in each group until after 
each study’s completion would have made it much more difficult to know when the 
target sample size had been reached and to recruit an appropriate number of remaining 
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dogs in each group, and may have necessitated the recruitment of an additional 
assistant to monitor this. 
Another limitation associated with this project is that the FitBark system (device and 
algorithms) has not been validated for sleep-monitoring purposes in the peer-reviewed 
accessible literature, so it is not possible to know how accurately it is able to distinguish 
periods of activity and rest, or how accurately inactivity/rest actually represents sleep. 
The Actical activity monitor used by Knazovicky et al. (2015) showed strong correlations 
with videographic measurements of dogs’ activity during the day in a laboratory setting 
(Hansen et al., 2007), so this activity monitor system may be more accurate, though it 
does not appear to have been validated against videographic analysis during the night 
whilst the dogs were resting, or within the dogs’ own homes. Additionally, the FitBark 
system was selected primarily for its reported ease of use by dog owners at home 
(Canine Journal, 2017) and the ability to remotely access recorded data without the 
owner having to physically bring the device to the research site during the study, which 
was advantageous as dogs were recruited from a relatively wide area of Southwest 
England, and requiring owners to travel to the research site may have discouraged their 
participation. The Actical was developed for use in humans and is primarily aimed at 
researchers (Philips Respironics, 2018a) rather than dogs’ owners, and requires manual 
transfer of data via placement on a telemetric reader (Wernham et al., 2011) with no 
capacity for remote transfer of data such as via Bluetooth (Philips Respironics, 2018b), 
therefore it would not have been ideal for use in this study despite its prior validation. 
One major limitation regarding the analysis techniques used is that the modelling 
methods used in Chapters 3-5 are prone to overfitting (Babyak, 2004). This increases the 
likelihood that whilst the findings of this project describe the sample group well, they 
may not be generalisable to the wider canine population (Babyak, 2004). Efforts were 
taken to limit the risk of overfitting by avoiding the use of a “stepwise” regression 
protocol, which is known to increase the risk of overfitting (Steyerberg et al., 2001). 
Whilst larger samples with 10-15 observations per variable are more resistant to 
overfitting (Babyak, 2004), such large samples are not particularly feasible in studies 
requiring the behavioural testing of live animals owned by members of the public, 
because of the time required for testing, marketing and recruitment. Decreasing the 
number of variables entered into initial models would have also reduced the overfitting 
risk, however since these studies were the first to examine many of these outcomes 
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using this particular study design, it was important to include potential confounding 
factors to assess whether they had any effect that might be erroneously attributed to 
osteoarthritis. Because many of the signalment and environmental factors examined did 
not have an effect on any outcomes in this study, it should be possible to omit these 
from analyses in future studies. 
 Another limitation of the analysis methods used is that the model selection methods 
used may not result in the best fitted model, and other models that are an equally good 
or better fit might potentially show very different results (Whittingham et al., 2006). The 
AIC and BIC are quantitative measures of model fit (Posada and Buckley, 2004, 
Whittingham et al., 2006) that could be useful in comparing how well different models 
fit the data, and the R package glmulti can be used with some regression methods to 
automatically generate all possible models that include all permutations of the variables 
provided and rank these by AIC value (Calcagno, 2013). However, the rlmer() function 
from the robustlmm package (Koller, 2016) used to analyse the proportions of time 
spent resting and SNoRE scores, are incompatible with the AIC and BIC (Koller, 2016), 
and the glmulti package does not appear to offer built-in support for glmer-type models 
created using the lme4 package (Bates et al., 2015) either, as all attempts to run it with 
glmer-type models failed during this study. 
6.5 Future Work: 
The findings of this project reveal several avenues for potential future research. Firstly, 
because of the limitations of the analysis methods used, it would be appropriate to 
confirm these findings in a different and preferably larger sample of dogs, perhaps 
collaborating with computer science or mathematics departments to ensure that the 
risk of overfitting is minimal and that the model selected best fits the data. Because it 
was surprising that female but not male neutered osteoarthritic dogs displayed 
decreased working memory, especially since osteoarthritic female dogs did not have 
significantly different owner questionnaire scores from osteoarthritic male dogs, it 
would also be worthwhile investigating this particular outcome within a larger sample, 
to confirm whether it is the case for the wider canine population rather than just the 
sample recruited.  
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It would also be worthwhile repeating the disappearing object task performed in 
chapters 3 and 4 whilst video recording the dogs’ body position during the retention 
interval, to assess whether the opaque barrier and physical restraint by the 
experimenter were sufficient to prevent dogs from using bodily orientation strategies 
rather than/in addition to spatial working memory in order to locate the object. Because 
dogs without osteoarthritis were more likely to successfully find the object if it was 
hidden behind an outer box compared to if it was hidden behind an inner box, and 
Gutnikov et al. (1994) similarly found that rats that had to recall one of an array of 
several holes were more likely to be successful when the correct location was an outer 
compared to a central hole because they were using a body-turning strategy, it would be 
interesting to analyse whether dogs’ body position during the interval and the direction 
in which they turned following entry to the arena was dependent on the target box 
location, and if some dogs did use such a strategy, whether this was associated with 
increased probability of successfully finding the object compared to dogs that did not. 
It would also be interesting to compare the spatial working and reference memory 
scores of osteoarthritic and control dogs using the holeboard task described in Chapter 
3. Since dogs’ holeboard performance did not significantly correlate with their 
disappearing object task performance in the study described in Chapter 3, possibly 
because of differences in the kind of learning required or the motivation to acquire food 
compared to toys, it may be that osteoarthritis has different effects on spatial working 
memory depending on the assay, and if dogs with osteoarthritis perform worse than 
those without osteoarthritis in the holeboard assay this provides further evidence that 
dogs’ spatial working memory is affected by osteoarthritis. Furthermore, the few studies 
examining reference memory (long term recall) in humans with chronic pain are often 
confounded by anxiety or depression (Landrø et al., 1997, Grace et al., 1999), therefore 
it would be interesting to assess whether spatial reference memory is decreased in dogs 
with osteoarthritis also, as this may suggest that humans with chronic pain may also be 
likely to have reference memory deficits and that this should be investigated more 
thoroughly. Whilst the holeboard task may be difficult to perform in dogs owned by 
members of the public, as access to the dogs would be required for three consecutive 
days, it may be possible to recruit dogs owned by people who do not work or work from 
home for this purpose.  
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Impaired long-term recall is associated with depression in chronic pain patients (Landrø 
et al., 1997), sleep disturbance is associated with both chronic pain (Nicassio and 
Wallston, 1992, Riley et al., 2001) and depressive disorders (Casper et al., 1985, Alvaro 
et al., 2013), and depressive disorders occur frequently in chronic pain conditions (Leino 
and Magni, 1993, Ohayon and Schatzberg, 2003). Therefore, it would also be useful to 
assess whether depressive-like clinical signs were correlated with impaired spatial 
reference memory and decreased night-time rest in osteoarthritic dogs. This could be 
investigated using the spatial judgement bias and visual laterality tasks described by 
Harris (2017) alongside the holeboard task, actigraphic recordings and SNoRE 
questionnaires in the same cohort of dogs. 
Further studies using the novel object recognition task are also warranted: The results of 
the novel object recognition task, which assesses non-spatial working memory for 
objects (Dudchenko, 2004, Ennaceur et al., 2005), are intriguing as they suggest that 
osteoarthritic dogs may show increased neophilia or increased non-spatial working 
memory relating to objects. However the proportion of the total time that was spent 
interacting with either object was very low for both groups, and most dogs appeared to 
be more motivated to leave the arena and return to their owner on the other side of the 
fence rather than to interact with the objects, which calls the validity of these findings 
into question. It would therefore be interesting to perform a pilot study to assess which 
object characteristics dogs consider more interesting, and thus spend more time 
interacting with, and subsequently to repeat the novel object recognition task in the 
owner’s home with the owner present (such that the dog is not motivated to leave the 
area containing the objects), using a pair of objects that dogs appear motivated to 
interact with for prolonged but approximately equal periods, in order to assess whether 
the findings described in Chapter 2 were genuinely due to increased neophilia/non-
spatial working memory in osteoarthritic dogs. 
It would also be useful to compare the performance of dogs with and without 
osteoarthritis and humans with and without osteoarthritis on similar tasks. Most studies 
assessing working memory in humans have focused on verbal, written or numeric tasks 
which can be explained verbally (Berryman et al., 2013), whereas animal working 
memory tasks have primarily focused on memory for spatial locations, objects or odours 
(Dudchenko, 2004). Whilst the holeboard task has been adapted for use in humans 
(Cánovas et al., 2008, Sturz and Brown, 2009) and has successfully found spatial memory 
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deficits in fibromyalgia patients (Cánovas et al., 2009), the experimental design for these 
tests was somewhat different; with baited buckets arranged in a specific pattern that 
moved around the grid between trials (Sturz and Brown, 2009), or revealing the 
locations of previous visits to the participant throughout the trial (Cánovas et al., 2008, 
Cánovas et al., 2009), such that outcome measures were comparable with reference 
memory scores rather than working memory scores in the rodent paradigm (van der 
Staay et al., 2012). Therefore designing a virtual (or physical) task that is more similar to 
the holeboard or disappearing object task used in dogs and comparing the performance 
of these species and the effect of osteoarthritis on performance in each species would 
provide further evidence regarding the translational validity of canine osteoarthritis as a 
model for human osteoarthritis, and would also be useful for comparing the spatial 
working memory of humans and dogs. This study would also provide information on 
whether spatial working memory is impaired in human osteoarthritis patients, which is 
currently lacking. 
It would also be interesting to perform a randomised placebo-controlled trial to assess 
the effects of nonsteroidal analgesia on activity and rest patterns in osteoarthritis, 
similar to the study performed by Knazovicky et al. (2015) but with the inclusion of a 
healthy control group. The findings of the study described in Chapter 5 (dogs with 
osteoarthritis showed increased night-time activity but not decreased owner-assessed 
sleep quality compared to control dogs) do not mirror the findings of Knazovicky et al. 
(2015) (osteoarthritic dogs treated with nonsteroidal analgesia showed increased 
owner-assessed sleep quality but not decreased night-time activity compared to placebo 
and baseline). Therefore it is possible that the effects of nonsteroidal analgesia on sleep 
quality and night-time activity are not mediated by simply inhibiting the effects of 
painful osteoarthritis on sleep quality and night-time activity. This proposed study would 
allow the effects of osteoarthritis and the effects of nonsteroidal analgesia in 
osteoarthritis to be distinguished within the same testing protocol, and would prevent 
the potential confounding effects of the various analgesic treatments provided to dogs 
in the study described in Chapter 5.  
The findings of Chapter 5 were also surprising in that dogs with osteoarthritis did not 
spend more time resting (and thus less time active) during the day than control dogs, 
which seemed unlikely given that both dogs and people with osteoarthritis experience 
impaired mobility/lameness (Hawker et al., 2008, Marshall et al., 2010) and this would 
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be expected to reduce daytime activity. Because the FitBark system has the ability to 
differentiate less strenuous “active” periods from more strenuous “play” periods (this 
distinction was not used in this study as it was considered unlikely that all periods of 
strenuous activity were truly representative of play behaviour, and the distinction 
between time spent active and time spent resting was more relevant to the study 
hypotheses), it may be useful to analyse these two categories separately in future 
studies to assess whether there is a difference in the intensity of exercise performed in 
osteoarthritic compared to control dogs, as well as to assess whether the duration of 
time spent resting during the day would be affected by osteoarthritis in a different 
sample of dogs.  
Additionally, whilst it does not directly follow from the findings of this study, it would be 
beneficial to perform a widespread cohort study examining the incidence, prevalence 
and risk factors for osteoarthritis in the wider canine population, as very little 
information currently exists regarding the epidemiology of canine osteoarthritis 
(Henrotin et al., 2005), with only one published cohort study investigating risk factors for 
canine osteoarthritis as determined from retrospective examination of veterinary 
clinical records (Anderson et al., 2018). Without epidemiological information it is difficult 
to ascertain the true scale of the impact of canine osteoarthritis on the health and 
welfare of the canine population and thus to appreciate the extent to which studies 
investigating the changes that occur in canine osteoarthritis are likely to provide benefit 
to dogs, their owners and the veterinary profession. 
6.6 Summary: 
The project described in this thesis found that female but not male dogs with 
osteoarthritis showed spatial working memory deficits compared to healthy control 
dogs, that osteoarthritic dogs of either sex showed decreased time spent resting at night 
but not decreased owner-assessed sleep quality measures compared to control dogs, 
and that the holeboard and disappearing object task are suitable for the assessment of 
spatial working memory in dogs. These findings contribute to the existing literature on 
working memory deficits in chronic pain, sex differences in osteoarthritis, sleep deficits 
in chronic pain and osteoarthritis and cognitive assessment in animals, and have 
implications for dogs with osteoarthritis, their owners and the veterinary surgeons 
treating them, as well as for the study of human osteoarthritis and thus for human 
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osteoarthritic patients and laboratory animals. Limitations of this research include a lack 
of blinding of the researcher performing the analyses (MS) and of the dogs’ owners 
(though assistants observing the animals and entering the data were blinded as much as 
it was possible to do so), risks of overfitting and suboptimal model fit during analyses, 
and restrictions on the types of behavioural test that can be feasibly performed in 
animals owned by members of the public. Potential avenues for future research include 
recruitment of larger samples and collaboration with statistical or computer science 
researchers in order to improve model fit and reduce overfitting risks, thus confirming 
whether the findings of this project are truly generalisable to the wider canine 
population, comparing the performance of dogs with and without osteoarthritis in 
different behavioural tasks, and performing a randomised placebo-controlled trial to 
differentiate the differences between osteoarthritic and control dogs and between 
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Appendix 1 – Introduction to appendices: 
Appendices are grouped and numbered according to the chapter they are most relevant 
to or are first described in. For example Appendix 2 contains the materials that were 
predominantly/first described in Chapter 2. There are no appendices associated with 
Chapters 1 or 6. 
 
Please note that because most printed documents used in these studies were printed on 
A4 pages with narrow margins, images of these pages are reduced in size when provided 
in the appendices due to the relatively wider margins of this document. 
 
Appendix 2 – Material associated with Chapter 2: 
Appendix 2.1 – Clinical checklist: 

















Appendix 2.2 – Types of questionnaire validity: 
A description of different types of clinical questionnaire validity and how they are 
assessed, using information from Hielm-Björkman et al. (2009): 
Term: Description: Assessed by: 
Face validity 
Extent to which the questionnaire 
subjectively appears to measure 
chronic pain. 
Subjective opinion rather than 
evidence base. 
Content validity 
Extent to which the questionnaire 
covers all of the aspects of chronic 
pain. 
Subjective opinion, consulting with 
experts and reading relevant 
literature to best ensure all 
potential aspects are covered. 
Criterion 
validity 
Extent to which the questionnaire 
score(s) correlate(s) with other 
existing measurements of chronic 
pain. 
Measurement of chronic pain 
using an established method, 




Extent to which the components of 
the questionnaire are actually 
measuring aspects of chronic pain, 
rather than another phenomenon 
(some questionnaires measure 
multiple constructs/phenomena). 
Principal component analysis or 




Assesses relationships between 
question responses to identify how 
many individual 
constructs/phenomena are included 
in the questionnaire 
Identify factors with an eigenvalue 
>1, confirm that these account for 








Assesses the ability of the 
questionnaire to distinguish 
between two different groups e.g. 
healthy pain free dogs and dogs 
with chronic pain. 
Presence of statistically significant 
differences in score(s) between 
extreme groups. 
Reliability 
Extent to which the questionnaire 
gives the same results whenever it is 
used, assuming all other factors 
remain the same. 
Includes repeatability and internal 
consistency. Longer questionnaires 




Extent to which the questionnaire 
gives the same results when used in 
the same cohort multiple times. 
Repeating the test with the same 




Extent to which results for each 
question in the questionnaire that 
measure the same 
construct/phenomenon (e.g. joint 
stiffness) correlate with each other. 
Cronbach's alpha score - a 
measure of overall correlation. 
Responsiveness 
Extent to which the questionnaire 
can detect changes in chronic pain 
over time or in response to clinical 
interventions etc. 
Ability to detect significant 
differences between scores over 






Appendix 2.3 – The Helsinki Chronic Pain Index (HCPI): 










Appendix 2.4 – The Canine Brief Pain Inventory (CBPI): 










Appendix 2.5 – The ACVS Canine Orthopedic Index (COI): 










Appendix 2.6 – The Liverpool Osteoarthritis in Dogs (LOAD) 
questionnaire: 
















Appendix 2.7 – The Canine Cognitive Dysfunction Rating (CCDR) Scale:  






Appendix 2.8 – The Canine Behavioral Assessment and Research 
Questionnaire (C-BARQ): 






















Appendix 2.9 – Owner information sheet: 










Appendix 2.10  – Owner consent form: 






Appendix 2.11 – Ethogram for Novel Object Recognition Task: 
Ethogram used to record behaviours during the Novel Object Recognition (NOR) task 
described in Chapter 2. Animals were considered to be interacting with an object when 
they were pawing, mouthing or in “other contact” with the object: 
Behaviour Type Description Terminates 
Sniff/Nose 
RIGHT object State 
Animal directs eyes and nose 
towards object, less than 30cm 
away 
As soon as animal 
directs eyes and 




Animal directs eyes and nose 
towards object, less than 30cm 
away 
As soon as animal 
directs eyes and 
nose away from 
object 
Close proximity 
to RIGHT object State 
Part of animal's body excluding 
the tail is within the four crosses 
demarcating the immediate area 
of the object 
Once all parts of 
animal excluding 
tail leave the 
demarcated area 
Close proximity 
to LEFT object State 
Part of animal's body excluding 
the tail is within the four crosses 
demarcating the immediate area 
of the object 
Once all parts of 
animal excluding 
tail leave the 
demarcated area 
Paw LEFT object State 
Animal extends forelimb towards 
object <30cm from object or is 
contacting object with forelimb(s) 
Once neither of the 
animal's forelimbs 
are in contact with, 
or being moved 
towards, the object 
Paw RIGHT 
object State 
Animal extends forelimb towards 
object <30cm from object or is 
contacting object with forelimb(s) 
Once neither of the 
animal's forelimbs 
are in contact with, 
or being moved 
towards, the object 
Mouth LEFT 
object State 
Animal licks the object or places 
part of the object within its 
mouth 
Once dog retracts 
tongue or closes 
mouth without 




Animal licks the object or places 
part of the object within its 
mouth 
Once dog retracts 
tongue or closes 
mouth without 





Dog contacts object in way not 
covered by other behaviours 
listed (e.g. sitting, lying or 
standing on object, mounting 
object etc.) 









Dog contacts object in way not 
covered by other behaviours 
listed (e.g. sitting, lying or 
standing on object, mounting 
object etc.) 





Prolonged, high-pitched, smooth 
vocalisation. Mouth may be open 
or closed 
When vocalisation 
stops or another 
vocalisation state 
begins 
Growling State Prolonged rough guttural sound 
When vocalisation 












Individual short vocalisation 
(<0.5s) N/A - point 
Panting State 
Animal has mouth open and 
rhythmic movements of the 
tongue and thorax are apparent, 
may be audible respiratory 
sounds. 
Once mouth is 
closed for >5s  
Lie down State 
Dog adopts posture in which no 
limbs are weightbearing and body 
is in contact with ground. Includes 







Dog adopts posture in which 
rump is brought nearer to ground, 
hindlimbs flexed under body, and 







Dog adopts posture in which at 
least one forelimb and one 







Relatively slow locomotion in 
which more than two paws are on 





Trot or run State 
Rapid locomotion in which at 
least two paws are removed from 






Dog adopts hunched posture with 
hindlimbs forward and forelimbs 
back under body, at least 3 limbs 










Dog adopts posture in which 
rump is brought nearer to ground, 
hindlimbs flexed under body, 





Climbs wall or 
window ledge State 
Dog has hindpaws on the ground, 
places at least one forelimb 
against wall and raises body to 






Groom  State 
Dog licks, bites or scratches with 
its paw a part of its body. (Lip-
licking mutually exclusive and 
takes priority) 
After >1s of not 
contacting body 
with mouth, 
tongue or paws 
Cock leg Point 
Dog has one hindlimb abducted at 
the hip and not weight bearing, 
stifle flexed. Urine may be visible. 
When hindlimb is 
replaced under the 
animal's body 
Defecate Point 
Animal defecates whilst squatting 
- measure from when faeces 
become visible. 
From when faeces 
no longer emerging 
from animal 
Rear State 
Dog raises forelimbs into the air 
with hindpaws still placed on 
ground and weightbearing 
Once one forelimb 





Dog makes slight, rapid 
movements of head and muzzle 
(interacting with fence or object is 
mutually exclusive and takes 
priority) 
>2s after rapid 
movements of 
head cease. 
Look out of 
window State 
Dog is still for >1s, looks towards 
rear wall with head pointed 
upwards towards window 
Once head is 




Dog moves rapidly in a tight 
circular motion as if "chasing its 
tail" 




Ears back State 
Dog's ears move caudodorsally 
and may be held flat against the 
head. 





Tail under State 
Dogs tail curves such that it is 
angled such that the tip is at an 
angle between the floor and the 
plane from the tail base 
perpendicular to the arena walls 
>1s after tail is 
raised above the 
plane from the tail 
base perpendicular 
to the arena walls 
Hunched/tense 
posture State 
Dog adopts a hunched posture in 










A part of the dog's body other 
than its head or tail makes rapid, 
slight movements. 
>2s after rapid 
movements cease. 




Licks lips Point 
Dogs tongue protrudes and licks 
around its muzzle N/A - point 
Interact with 
fence State 
Animal faces fence and contacts 
fence with head or forelimbs. 
Includes nudging, jumping, 
climbing, pawing, biting. Animal’s 
eyes are pointed towards fence 
and not through it. 
As soon as animal 
turns away (>=90 
degrees) from 
fence, or when 
animal has not 
interacted with the 
fence in any way 
for >2s 
Start Point 
Animal's forelimb crosses 
threshold of gate to enter arena N/A - point 
Complete Point 
5 minutes have elapsed since 
entry to arena N/A - point 
Look through 
fence State 
Animal points head towards fence 
with eyes directed at a point 
through the fence rather than at 
the fence itself. 
As soon as animal 
turns away (>=90 
degrees) from 
fence or when 
interaction with 





A sound audible on the recording 
occurs that originated outside the 
arena. Does not include dialogue 
by the owner or researcher. 
Immediately 
following cessation 
of the sound 
Terminated Point 
The trial was terminated due to 
excessive distress or danger to 







Appendix 2.12 – Signalments of pilot study dogs: 
Signalments of dogs used in the pilot study for the novel object recognition and 




Appendix 2.13 – Investigation ratios for pilot study dogs: 
Investigation ratios of pilot dogs during the test phase of the novel object recognition 
task. All dogs were healthy controls, with the exception of dog 6, who had osteoarthritis. 
Dogs 3 and 7 did not interact with either object in either phase of the study so their 






Appendix 2.14 – Pilot study results for the Holeboard task: 
Showing the reference memory score (A), working memory score (B) and time taken to 
find all treats (C) (n=6). There was no effect of trial on any of these measures (assessed 
by one-way ANOVAs). Dog 6, the only pilot dog with osteoarthritis, did not attempt to 






Appendix 3 – Material associated with Chapter 3: 
Appendix 3.1 – Owner information sheet: 










Appendix 3.2 – VBA Macro (Days 1-2): 
Macro to generate holeboard outcomes for days 1 and 2 (sessions 1-4) of the holeboard 
task described in Chapter 3: 
Sub HoleboardDay1() 
' 





    Range("A17:A324").Select 
    Selection.NumberFormat = "0.00" 
    Selection.TextToColumns Destination:=Range("A17:A324"), DataType:=xlDelimited, _ 
        TextQualifier:=xlDoubleQuote, ConsecutiveDelimiter:=False, Tab:=True, _ 
        Semicolon:=False, Comma:=False, Space:=False, Other:=False, FieldInfo _ 
        :=Array(1, 1), TrailingMinusNumbers:=True 
    Range("C17").Select 
    ActiveWindow.SmallScroll Down:=270 
    Range("C17:C303").Select 
    Selection.NumberFormat = "0.00" 
    Selection.TextToColumns Destination:=Range("C17:C324"), DataType:=xlDelimited, _ 
        TextQualifier:=xlDoubleQuote, ConsecutiveDelimiter:=False, Tab:=True, _ 
        Semicolon:=False, Comma:=False, Space:=False, Other:=False, FieldInfo _ 
        :=Array(1, 1), TrailingMinusNumbers:=True 
         
    Range("J1").Select 
    Selection.Font.Bold = True 
    ActiveCell.FormulaR1C1 = "Row" 
    Range("J2").Select 
    ActiveCell.FormulaR1C1 = "Value" 
    Range("J2").Select 
    Selection.Font.Bold = True 
    Range("K1").Select 
    ActiveCell.FormulaR1C1 = "A" 
    Range("L1").Select 




    Range("M1").Select 
    ActiveCell.FormulaR1C1 = "C" 
    Range("N1").Select 
    ActiveCell.FormulaR1C1 = "D" 
    Range("K1:N1").Select 
    Selection.Font.Bold = True 
    Range("O1").Select 
    ActiveCell.FormulaR1C1 = "Treats found" 
    Range("P1").Select 
    ActiveCell.FormulaR1C1 = "Trial number" 
    Range("O2").Select 
    ActiveCell.Formula = "= IF(COUNTIF(F17:F300,""A1"")>0,""1"",""0"")+ 
IF(COUNTIF(F17:F300,""B4"")>0,""1"",""0"")+ IF(COUNTIF(F17:F300,""C2"")>0,""1"",""0"")+ 
IF(COUNTIF(F17:F300,""D3"")>0,""1"",""0"")" 
    Range("P2").Select 
    ActiveCell.FormulaR1C1 = "" 
    Range("P1").Select 
    Selection.ClearContents 
    Range("N2").Select 
    Range("K2").Select 
    Range("K2").Select 
    ActiveCell.FormulaR1C1 = "A1" 
    Range("L2").Select 
    ActiveCell.FormulaR1C1 = "B4" 
    Range("M2").Select 
    ActiveCell.FormulaR1C1 = "C2" 
    Range("N2").Select 
    ActiveCell.FormulaR1C1 = "D3" 
    Range("J4").Select 
    ActiveCell.FormulaR1C1 = "Number of visits to previously baited buckets" 
    Range("J5").Select 
    ActiveCell.FormulaR1C1 = "Total number of bucket visits" 
    Range("J6").Select 
    ActiveCell.FormulaR1C1 = "Reference memory score" 
    Range("J7").Select 
    ActiveCell.FormulaR1C1 = "Working memory score (baited)" 
    Range("J8").Select 




    Range("J9").Select 
    ActiveCell.FormulaR1C1 = "working memory score (all)" 
    Range("J10").Select 
    ActiveCell.FormulaR1C1 = "Time taken to find all treats" 
    Range("J11").Select 
    ActiveCell.FormulaR1C1 = "Number of treats found" 
    Range("J13").Select 
    ActiveCell.FormulaR1C1 = "WM Errors (re-entries):" 
    Range("J14").Select 
    ActiveCell.FormulaR1C1 = "RM Errors (visit to never baited)" 
    Range("J15").Select 
    ActiveCell.FormulaR1C1 = "Omission Errors (holes missed)" 
    Range("K4").Select 
    ActiveCell.Formula = "=SUM(COUNTIF(F17:F300, K2), COUNTIF(F17:F300, L2), 
COUNTIF(F17:F300, M2), COUNTIF(F17:F300, N2))" 
    Range("K5").Select 
    ActiveCell.Formula = "=COUNTIF(F17:F300,""??"")" 
    Range("K6").Select 
    ActiveCell.Formula = "=K4/K5" 
    Range("K7").Select 
    ActiveCell.Formula = "=(O2/K4)" 
    Range("K8").Select 
    ActiveCell.Formula = 
"=SUMPRODUCT((F17:F300<>"""")/COUNTIF(F17:F300,F17:F300&""""))-2" 
    Range("K9").Select 
    ActiveCell.Formula = "=K8/K5" 
    Range("K10").Select 
    ActiveCell.Formula = "=IF(R[-8]C[4]=4, ((LOOKUP(2,1/(R[7]C[-10]:R[290]C[-10]<>""""),R[7]C[-
10]:R[290]C[-10]) - R[7]C[-10])), ""Incomplete"")" 
    Range("K11").Select 
    ActiveCell.Formula = "=O2" 
    Range("K13").Select 
    ActiveCell.Formula = "=K5-K8" 
    Range("K14").Select 
    ActiveCell.Formula = "=K5-K4" 
    Range("K15").Select 
    ActiveCell.Formula = "=4-K11" 




    ActiveCell.FormulaR1C1 = "Total Time Taken" 
    Range("K16").Select 
    ActiveCell.Formula = "=MAX(A17:A300)-MIN(A17:A300)" 







Appendix 3.3 – VBA Macro (Day 3): 
Macro to generate holeboard outcomes for day 3 (sessions 5-6) of the holeboard task 
described in Chapter 3: 
Sub HoleboardDay3() 
' 





    Range("A17:A324").Select 
    Selection.NumberFormat = "0.00" 
    Selection.TextToColumns Destination:=Range("A17:A324"), DataType:=xlDelimited, _ 
        TextQualifier:=xlDoubleQuote, ConsecutiveDelimiter:=False, Tab:=True, _ 
        Semicolon:=False, Comma:=False, Space:=False, Other:=False, FieldInfo _ 
        :=Array(1, 1), TrailingMinusNumbers:=True 
    Range("C17").Select 
    ActiveWindow.SmallScroll Down:=270 
    Range("C17:C303").Select 
    Selection.NumberFormat = "0.00" 
    Selection.TextToColumns Destination:=Range("C17:C324"), DataType:=xlDelimited, _ 
        TextQualifier:=xlDoubleQuote, ConsecutiveDelimiter:=False, Tab:=True, _ 
        Semicolon:=False, Comma:=False, Space:=False, Other:=False, FieldInfo _ 
        :=Array(1, 1), TrailingMinusNumbers:=True 
         




    Selection.Font.Bold = True 
    ActiveCell.FormulaR1C1 = "Row" 
    Range("J2").Select 
    ActiveCell.FormulaR1C1 = "Value" 
    Range("J2").Select 
    Selection.Font.Bold = True 
    Range("K1").Select 
    ActiveCell.FormulaR1C1 = "A" 
    Range("L1").Select 
    ActiveCell.FormulaR1C1 = "B" 
    Range("M1").Select 
    ActiveCell.FormulaR1C1 = "C" 
    Range("N1").Select 
    ActiveCell.FormulaR1C1 = "D" 
    Range("K1:N1").Select 
    Selection.Font.Bold = True 
    Range("O1").Select 
    ActiveCell.FormulaR1C1 = "Treats found" 
    Range("P1").Select 
    ActiveCell.FormulaR1C1 = "Trial number" 
    Range("O2").Select 
    ActiveCell.Formula = "= IF(COUNTIF(F17:F300,""A3"")>0,""1"",""0"")+ 
IF(COUNTIF(F17:F300,""B2"")>0,""1"",""0"")+ IF(COUNTIF(F17:F300,""C4"")>0,""1"",""0"")+ 
IF(COUNTIF(F17:F300,""D1"")>0,""1"",""0"")" 
    Range("P2").Select 
    ActiveCell.FormulaR1C1 = "" 
    Range("P1").Select 
    Selection.ClearContents 
    Range("N2").Select 
    Range("K2").Select 
    Range("K2").Select 
    ActiveCell.FormulaR1C1 = "A3" 
    Range("L2").Select 
    ActiveCell.FormulaR1C1 = "B2" 
    Range("M2").Select 
    ActiveCell.FormulaR1C1 = "C4" 
    Range("N2").Select 




    Range("J4").Select 
    ActiveCell.FormulaR1C1 = "Number of visits to previously baited buckets" 
    Range("J5").Select 
    ActiveCell.FormulaR1C1 = "Total number of bucket visits" 
    Range("J6").Select 
    ActiveCell.FormulaR1C1 = "Reference memory score" 
    Range("J7").Select 
    ActiveCell.FormulaR1C1 = "Working memory score (baited)" 
    Range("J8").Select 
    ActiveCell.FormulaR1C1 = "Total number of unique bucket visits (all)" 
    Range("J9").Select 
    ActiveCell.FormulaR1C1 = "working memory score (all)" 
    Range("J10").Select 
    ActiveCell.FormulaR1C1 = "Time taken to find all treats" 
    Range("J11").Select 
    ActiveCell.FormulaR1C1 = "Number of treats found" 
    Range("J13").Select 
    ActiveCell.FormulaR1C1 = "WM Errors (re-entries):" 
    Range("J14").Select 
    ActiveCell.FormulaR1C1 = "RM Errors (visit to never baited)" 
    Range("J15").Select 
    ActiveCell.FormulaR1C1 = "Omission Errors (holes missed)" 
    Range("K4").Select 
    ActiveCell.Formula = "=SUM(COUNTIF(F17:F300, K2), COUNTIF(F17:F300, L2), 
COUNTIF(F17:F300, M2), COUNTIF(F17:F300, N2))" 
    Range("K5").Select 
    ActiveCell.Formula = "=COUNTIF(F17:F300,""??"")" 
    Range("K6").Select 
    ActiveCell.Formula = "=K4/K5" 
    Range("K7").Select 
    ActiveCell.Formula = "=(O2/K4)" 
    Range("K8").Select 
    ActiveCell.Formula = 
"=SUMPRODUCT((F17:F300<>"""")/COUNTIF(F17:F300,F17:F300&""""))-2" 
    Range("K9").Select 
    ActiveCell.Formula = "=K8/K5" 




    ActiveCell.Formula = "=IF(R[-8]C[4]=4, ((LOOKUP(2,1/(R[7]C[-10]:R[290]C[-10]<>""""),R[7]C[-
10]:R[290]C[-10]) - R[7]C[-10])), ""Incomplete"")" 
    Range("K11").Select 
    ActiveCell.Formula = "=O2" 
    Range("K13").Select 
    ActiveCell.Formula = "=K5-K8" 
    Range("K14").Select 
    ActiveCell.Formula = "=K5-K4" 
    Range("K15").Select 
    ActiveCell.Formula = "=4-K11" 
    Range("J16").Select 
    ActiveCell.FormulaR1C1 = "Total Time Taken" 
    Range("K16").Select 
    ActiveCell.Formula = "=MAX(A17:A300)-MIN(A17:A300)" 










Appendix 3.4 – Data entry sheet:  
Raw data entry sheet showing order of trials performed for the disappearing object task 






Appendix 3.5 – R script: 
R script used for the analyses described in Chapter 3: 
#### FOREWORD: #### 
 
# Melissa Smith, University of Bristol, 27/12/2017 
 
# This is an R-script used to generate, plot and predict outcomes from 
# the mixed-effects logistic regression model used in the analysis  
# of the disappearing object data for thesis chapter 3. 
 
# It is divided into sections that begin and end with four "#" symbols. 
# Using RStudio, these can be collapsed and expanded for ease of reading. 
# Comments and currently-unused code are prefaced by the "#" symbol. 
 
#### 1. LOAD PACKAGES: #### 
 
# Clear any existing data from memory: 
rm(list=ls()) 
 
# Install new required packages  
# (note, installed packages are commented-out to prevent reinstallation; 
# to install, remove "#" symbol and re-run): 
 
# install.packages("devtools") 
# library("devtools"); install_github("lme4",user="lme4")  















#### 2. IMPORT AND FORMAT DATA: #### 
 
# Load the data from Microsoft Excel .csv file: 
data <- read.csv("DOresults_proximity.csv") 
 
# Examine the data structure: 
str(data) 
 
# Correct Excel's alteration of years to dates: 
data$AgeGroup <- recode(data$AgeGroup, "06-Oct" = "6-10 years") 
data$AgeGroup <-recode(data$AgeGroup, "01-May" = "0-5 years") 





data$Dog<- data$ï..Dog # To correct character change on import 
 
# Box, dog, trialblock, agegroup, sex should be categorical ("factor"). 
# Change these to the correct variable types: 
 
 
data <- within(data, { 
  Dog <- factor(Dog)  
  Block <- factor(Block) 
  AgeGroup <- factor(AgeGroup) 
  Box <-factor(Box) 





#### 3. RUN THE MODEL: #### 
 
# With "Dog" as a random effect, all other variables as fixed effects: 
# (lme4 automatically detects variable nesting from dataset structure) 
 
 
model <- glmer(SuccessBinary ~ Interval + Block + Box + Trial + AgeGroup + Sex + Weight  
                + (1 | Dog), 
               data = data, family = binomial, nAGQ=100) 
 
# Generates the error messages: 
 
# Warning messages: 
#   1: In checkConv(attr(opt, "derivs"), opt$par, ctrl = control$checkConv,  : 
#                     Model failed to converge with max|grad| = 0.0023924 (tol = 0.001, component 1) 
#                   2: In checkConv(attr(opt, "derivs"), opt$par, ctrl = control$checkConv,  : 
#                                     Model is nearly unidentifiable: very large eigenvalue 
#                                   - Rescale variables? 
 
 
#### 4.0. DEBUGGING & ASSUMPTION TESTING - RESCALE VARIABLES: #### 
 
# Rescale the variables for continuous numeric variables  
# (interval, trial and weight) so they are between 0 and 1: 
 
numcols <- data %>% dplyr::select(Interval, Trial, Weight) 
numnames <-names(numcols) 
datascaled <- data 
datascaled[,numnames] <- scale(datascaled[,numnames]) 





# No more warning messages in the rescaled model, suggesting that 
# the warnings were just due to a scale difference between variables 
 
summary(model, corr=FALSE)  
 
# However the p-values for the non-rescaled model 




# Therefore keep the non-rescaled model as it will be more straightforward 
# not to rescale the variables when predicting outcomes from the model. 
 
#### 4.1. DEBUGGING AND ASSUMPTION TESTING - TEST FOR OVERDISPERSION: #### 
 
# Use ?dispersion_glmer() 




# 1.11 is between the recommended values of 0.75 and 1.4,  
# therefore model is unlikely to be overdispersed. 
 
#### 5. CALCULATE ODDS RATIOS: #### 
 
# First calculate standard errors from the coefficients: 
 
se <- sqrt(diag(vcov(model))) 
(tab <- cbind(Est = fixef(model), LL = fixef(model) - 1.96 * se, UL = fixef(model) + 1.96 * 
                se)) 
 
# Then exponentiate these to get the odds ratios: 
 




#### 6. OBSERVED DATA PLOTS: #### 
 
# In this section, the observed (non-modelled) outcome data will be plotted 
# For the factors that had a significant effect on the probability of success. 
# Once the model has been used to predict outcomes, these will be plotted 
# on the same axes, in order to compare observed and predicted outcomes. 
 
# First ensure Success is a logistic (binary) variable so it will plot correctly: 
data$SuccessBinary <- as.logical(data$SuccessBinary) 
 
# Calculate means and confidence intervals by interval:  
intervalmeans <- data %>%  
  group_by(Interval) %>%  
  summarise(mean = mean(SuccessBinary),  
            count_success = sum(SuccessBinary), 
            count_total = n(), 
            count_fail = count_total - count_success) %>% 
  group_by(Interval) %>% 
  mutate(proportion_success_lci = binconf (count_success, count_total) [2], 
         proportion_success_uci = binconf (count_success, count_total) [3])  
 
# Plot results by interval:  
ggplot(data = intervalmeans, mapping=aes(x=Interval, y=mean, ymin=proportion_success_lci, 
ymax=proportion_success_uci)) +  
  geom_point(stat="identity") +  
  geom_errorbar() + 
  geom_smooth(method="auto", color="red", size=0.5) + 






# Calculate means and confidence intervals by trial: 
trialmeans <- data %>%  
  group_by(Trial) %>%  
  summarise(mean = mean(SuccessBinary),  
            count_success = sum(SuccessBinary), 
            count_total = n(), 
            count_fail = count_total - count_success) %>% 
  group_by(Trial) %>% 
  mutate(proportion_success_lci = binconf (count_success, count_total) [2], 
         proportion_success_uci = binconf (count_success, count_total) [3])  
 
#Plot results by trial: 
ggplot(data = trialmeans, mapping=aes(x=Trial, y=mean, ymin=proportion_success_lci, 
ymax=proportion_success_uci)) +  
  geom_point(stat="identity") +  
  geom_errorbar() + 
  geom_smooth(colour="red", size = 0.5) 
 
# Because of the variability between trials it is difficult to assess 
# the overall trend, however plotting the predicted probability of success 
# for each trial using the model should elucidate this. 
 
# Calculate means and confidence intervals by box: 
boxmeans <- data %>%  
  group_by(Box) %>%  
  summarise(mean = mean(SuccessBinary),  
            count_success = sum(SuccessBinary), 
            count_total = n(), 
            count_fail = count_total - count_success) %>% 
  group_by(Box) %>% 
  mutate(proportion_success_lci = binconf (count_success, count_total) [2], 
         proportion_success_uci = binconf (count_success, count_total) [3])  
 
# Plot data by box: 
box_observed <- ggplot(data = boxmeans, mapping=aes(x=Box, y=mean, fill=Box, 
ymin=proportion_success_lci, ymax=proportion_success_uci)) +  
  geom_bar(stat="identity", color="black") +  
  geom_errorbar() + 
  theme_bw() + 
  scale_fill_manual(values=c("yellow", "cyan", "magenta","green")) + 
  ylab("Proportion of successful visits") + 
  xlab("Target box") + 
  theme_bw() + 
  theme(axis.text.x = element_text(face="bold", size=13)) + 
  theme(axis.text.y = element_text(face="bold", size=13)) + 
  theme(axis.title.x = element_text(face="bold", size=14)) + 
  theme(axis.title.y = element_text(face="bold", size=14)) + 
  theme(legend.position="none") + 






# It looks like the dogs successfully found the toy more often 
# when it was hidden between boxes 1 and 4 rather than 2 and 3. 




# significantly differed from box 1 in the model. 
 
# Bar chart of correct box against box visited by dog: 
 
boxmeans_visit <- data %>%  
  group_by(Box, Visit) %>% 
  summarise(count_total = n()) 
boxmeans_visit <- boxmeans_visit %>% 
  mutate(proportion=count_total/150, 
         total=150) %>% 
  group_by(Box, Visit) %>%  
  mutate(proportion_success_lci = binconf (count_total, total) [2], 
         proportion_success_uci = binconf (count_total, total) [3])  
 
 
Boxvisits <- ggplot(data = boxmeans_visit, mapping=aes(x=Box, y=proportion, fill=Visit)) +  
  geom_bar(stat="identity", position="dodge", colour="black") + 
  geom_errorbar(position="dodge", mapping=aes(ymax=proportion_success_uci, 
ymin=proportion_success_lci)) + 
  theme_bw() + 
  scale_color_manual(values=c("yellow", "cyan", "magenta","green", "grey")) + 
  scale_fill_manual(values=c("yellow", "cyan", "magenta","green", "grey"), name = "Box 
visited:") + 
  ylab("Proportion of visits") + 
  xlab("Target Box") + 
  theme_bw() + 
  theme(axis.text.x = element_text(face="bold", size=13)) + 
  theme(axis.text.y = element_text(face="bold", size=13)) + 
  theme(axis.title.x = element_text(face="bold", size=14)) + 
  theme(axis.title.y = element_text(face="bold", size=14)) + 
  theme(legend.title = element_text(face="bold", size=14)) + 
  theme(legend.text = element_text(face="bold", size=13)) + 
  scale_y_continuous(breaks=seq(0,1,0.1), limits = c(0,0.63), expand = c(0, 0)) 
 
 
#### 7.0 PREDICT AND PLOT EFFECT OF INTERVAL ON P(SUCCESS): #### 
 
# Make a temporary dataset containing only the predictor and random variables: 
tmpdat <- data[, c("Interval", "Block", "Box", "Trial", "AgeGroup", "Sex", "Dog", "Weight")] 
 
# Check the min and max of the main variable of interest (Interval): 
summary(data$Interval) 
 
# Calculate the j-values (sequence of possible interval values between min and max) 
jvalues <- with(data, seq(from = min(Interval), to = max(Interval), length.out = 240)) 
 
# calculate predicted probabilities for these and store in a list 
pp <- lapply(jvalues, function(j) { 
  tmpdat$Interval <- j 
  predict(model, newdata = tmpdat, type = "response")  
}) 
 
# Get the mean and quartiles for the predictions: 
plotdata <- t(sapply(pp, function(x) { 






# Append the interval j-values  and convert to data frame 
# This is so the plotting package, ggplot2, can read it: 
plotdata <- as.data.frame(cbind(plotdata, jvalues)) 
 
# Name the variables: 
colnames(plotdata) <- c("PredictedProbability", "LQ", "UQ", "Interval") 
 
# View first few fields to check data looks as expected: 
head(plotdata) 
 
# Plot the data: 
(Intervalpredict <- ggplot(plotdata, aes(x = Interval, y = PredictedProbability))  
  + geom_linerange(aes(ymin = LQ, ymax = UQ)) # Plots the quartiles 
  + geom_line(size = 2) + ylim(c(0, 1))) 
 
# Plot the observed datapoints on the same axes: 
 
 
intervalpredictionplot <- ggplot(plotdata, aes(x = Interval)) + 
  # ylim(c(0, 1)) + 
  geom_point(data = intervalmeans, mapping=aes(x=Interval, y=mean), color="red", 
stat="identity", size=3) + 
  geom_errorbar(data = intervalmeans, mapping=aes(x=Interval, ymin=proportion_success_lci, 
ymax=proportion_success_uci), color="red", size=1) + 
  geom_ribbon(aes(ymin = LQ, ymax = UQ, y = PredictedProbability), fill="grey", alpha=0.6) + # 
Plots the quartiles 
  geom_line(size = 2, aes(y = PredictedProbability)) + 
  ylab("Predicted probability of success") + 
  xlab("Interval (seconds)") + 
  theme_bw() + 
  scale_x_continuous(breaks=seq(0,240,30)) + 
  scale_y_continuous(breaks=seq(0,1,0.1), limits = c(0,1), expand = c(0, 0))  + 
  theme(axis.text.x = element_text(face="bold", size=13)) + 
  theme(axis.text.y = element_text(face="bold", size=13)) + 
  theme(axis.title.x = element_text(face="bold", size=14)) + 
  theme(axis.title.y = element_text(face="bold", size=14)) + 
  geom_hline(yintercept=0.25, linetype="dashed")  
 
 
#### 7.1. PREDICT VALUE OF INTERVAL WHEN P(SUCCESS) = 0.25: #### 
 
# Work out at what interval the predicted probability reaches 0.25, 
# as this is the value expected by chance assuming the dogs 
# are randomly selecting a box to search behind each trial: 
 
# I.e. find the smallest value of Interval where  
# the probability is less than or equal to 0.25: 
 





# 1  206.8619 
 
# So the model predicts that the dogs' probability of success first reaches 




# (rounded to the nearest second). 
 
 
#### 8. PREDICT AND PLOT EFFECT OF TRIAL ON P(SUCCESS): #### 
 
# Trial also has a significant effect on P(Success) in this model. 
# So predict and plot the effect of trial also: 
 
# Calculate the j-values (sequence of possible trial values between min and max) 
jvalues_trial <- with(data, seq(from = min(Trial), to = max(Trial), length.out = 20)) 
 
# calculate predicted probabilities and store in a list 
pp_trial <- lapply(jvalues_trial, function(j) { 
  tmpdat$Trial <- j 
  predict(model, newdata = tmpdat, type = "response")  
}) 
 
# Get the mean and quartiles for the predictions: 
plotdata_trial <- t(sapply(pp_trial, function(x) { 
  c(M = mean(x), quantile(x, c(0.25, 0.75))) 
})) 
 
# add in Trial j-values  and convert to data frame 
plotdata_trial <- as.data.frame(cbind(plotdata_trial, jvalues_trial)) 
 
# Name the variables: 
colnames(plotdata_trial) <- c("PredictedProbability", "LQ", "UQ", "Trial") 
 
#View first few fields: 
head(plotdata_trial) 
 
# Plot the data: 
(Trialpredict <- ggplot(plotdata_trial, aes(x = Trial, y = PredictedProbability))  
  + geom_linerange(aes(ymin = LQ, ymax = UQ)) # Plots the quartiles 
  + geom_line(size = 2) + ylim(c(0, 1))) 
 
# Overlay the observed data for trial over the modelled data: 
 
Trialcumulative <- ggplot(plotdata_trial, aes(x = Trial)) + 
  # ylim(c(0, 1)) + 
  geom_point(data = trialmeans, mapping=aes(x=Trial, y=mean), color="red", stat="identity", 
size=3) + 
  geom_errorbar(data = trialmeans, mapping=aes(x=Trial, ymin=proportion_success_lci, 
ymax=proportion_success_uci), color="red", size=1) + 
  geom_ribbon(aes(ymin = LQ, ymax = UQ, y = PredictedProbability),  color="gray", alpha=0.3) 
+ # Plots the quartiles 
  geom_line(size = 2, aes(y = PredictedProbability)) + 
  ylab("Predicted probability of success") + 
  xlab("Trial") + 
  theme_bw() + 
  scale_x_continuous(breaks=seq(0,20,1)) + 
  scale_y_continuous(breaks=seq(0,1,0.1), limits = c(0,1), expand = c(0, 0))  + 
  theme(axis.text.x = element_text(face="bold", size=13)) + 
  theme(axis.text.y = element_text(face="bold", size=13)) + 
  theme(axis.title.x = element_text(face="bold", size=14)) + 
  theme(axis.title.y = element_text(face="bold", size=14)) + 





# It seems that as the dog performs more trials, P(Success) decreases. 
 
#### 9. PREDICT AND PLOT EFFECT OF INTERVAL SEPARATELY FOR EACH BOX: #### 
 
# The model also found a significant effect of box 2 compared to box 1. 
# Therefore it may be beneficial to plot the effect of interval 
# separately for each of the four boxes. 
 
# Separate into levels according to box: 
biprobs <- lapply(levels(data$Box), function(box) { 
  tmpdat$Box[] <- box 
  lapply(jvalues, function(j) { 
    tmpdat$Interval <- j 
    predict(model, newdata = tmpdat, type = "response") 
  }) 
}) 
 
# get means and quartiles for all Interval jvalues for each level of Box: 
plotdata_2 <- lapply(biprobs, function(X) { 
  temp <- t(sapply(X, function(x) { 
    c(M=mean(x), quantile(x, c(.25, .75))) 
  })) 
  temp <- as.data.frame(cbind(temp, jvalues)) 
  colnames(temp) <- c("PredictedProbability", "LQ", "UQ", "Interval") 
  return(temp) 
}) 
 
# collapse from list into data frame format: 
plotdata_2 <- do.call(rbind, plotdata_2) 
 
# add box as a variable: 




#First try plotting separately as four panels: 
ggplot(plotdata_2, aes(x = Interval, y = PredictedProbability)) + 
  geom_ribbon(aes(ymin = LQ, ymax = UQ, fill = Box), alpha = .15) + 
  geom_line(aes(colour = Box), size = 2) + 
  ylim(c(0, 1)) +  
  facet_wrap(~  Box) 
 
# They all seem to follow a similar pattern, but it's difficult 
# to compare them on different axes. 
# Plot them all on the same axes instead: 
 
Box_model <- ggplot(plotdata_2, aes(x = Interval, y = PredictedProbability)) + 
  geom_ribbon(aes(ymin = LQ, ymax = UQ, fill = Box), alpha = .25) + 
  geom_line(aes(colour = Box), size = 2) + 
  geom_hline(yintercept=0.25, linetype="dashed") + 
  theme_bw() + 
  scale_color_manual(values=c("yellow", "cyan", "magenta","green")) + 
  scale_fill_manual(values=c("yellow", "cyan", "magenta","green")) + 
  ylab("Predicted probability of success") + 
  xlab("Interval (seconds)") + 




  scale_x_continuous(breaks=seq(0,240,30)) + 
  scale_y_continuous(breaks=seq(0,1,0.1), limits = c(0,1), expand = c(0, 0))  + 
  theme(axis.text.x = element_text(face="bold", size=13)) + 
  theme(axis.text.y = element_text(face="bold", size=13)) + 
  theme(axis.title.x = element_text(face="bold", size=14)) + 
  theme(axis.title.y = element_text(face="bold", size=14))  + 
  theme(legend.title = element_text(face="bold", size=14)) + 
  theme(legend.text = element_text(face="bold", size=13))  
 
 
#### 10. NAMES OF PLOT AND RESULTS VARIABLES:  #### 
 
# Please note: The above sections must be run first! # 
 
# Run the following code to show the respective plot: 
# These can be copied from the Rstudio Plot window 
# And pasted into e.g. MSPaint, for figure creation. 
 
intervalpredictionplot #Plot of predicted effect of interval on P(Success) 
 
Trialcumulative #Plot of predicted effect of trial on P(Success) 
 
Box_model #Plot of predicted effect of interval on P(Success) for each box 
 
box_observed #Plot of observed proportion of correct visits to each box 
 
Boxvisits #Plot of visits to each box by which box was correct 
 
grid.arrange(box_observed, Box_model, ncol=2) #Plots 2 graphs in same panel 
 
#Run the following to get odds ratios: 
oddsratios 
 
#Run the following to get p-values for model factors: 
summary(model, corr=FALSE) 
 
#Run the following to get the first interval at which P(Success) <0.25: 
chance_intercept 
 
#### 11. CITING PACKAGES: #### 
 
# This section gives the functions to run to get 
# citations for the packages used. 
# "parallel" and "compiler" are part of base R and do not need to be cited. 

















sessionInfo() # current (developer) version of lme4 is 1.1-15 
citation(package="lme4") # doesn't give version 
 
#### 12. ADDITIONAL TESTS: CALCULATING EFFECT OF PROXIMITY ON VISIT RATE: #### 
 
# Fiset et al. (2003) state that the task relies on spatial working memory 
# because the dogs "search as a function of the proximity to the target box" 
# i.e. they are more likely to search an adjacent box than a further box 
 
# However the expected chance probabilities are not the same: 
# Only for target box 1 or 4 could the dogs visit a box 3 spaces away 
# And for target boxes 2 or 3 they could only visit boxes 0, 1 or 2 spaces away. 
 
# For boxes 1 or 4 - the probability of visiting a box each distance away 
# (0, 1, 2, or 3) would be 0.25 if the dogs were searching randomly. 
# For boxes 2 or 3 - the probability of visiting a box 0 or 2 boxes away would be 0.25 
# but the probability of visiting a box 1 box away would be 0.5 and 3 boxes away would be 0. 
# Because there are the same number of boxes for each interval, 
# let's find the mean of these: 
 
prob_0 = mean(c(0.25, 0.25)) 
prob_1 = mean(c(0.25, 0.5)) 
prob_2 = mean(c(0.25, 0.25)) 
prob_3 = mean(c(0.25, 0)) 
 
# Remove trials where no visit was attempted: 
 
data_visit <- filter(data, Visit != "None") #589 records 
 
# Count the number of trials at each proximity per dog - avoid pseudoreplication! 
 
dogdata_proximity <- data_visit %>% group_by(Dog, ProximityScore) %>% 
  summarise(countprox=n()) 
 
# View (dogdata_proximity) 
 
# Find the average of all dogs at each proximity: 
 
proximity_means <- dogdata_proximity %>%  
  group_by(ProximityScore) %>% 
  summarise(countprox=mean(countprox))  
 
# View (proximity_means) 
 
#proximity_means$countprox <- as.integer(proximity_means$countprox) 
# doesn't work - attenuates instead of rounding 
 
proximity_means$countprox <- round(proximity_means$countprox, 0) 




proximity_means$sumprox <- sumprox 
 
proximity_means <- proximity_means %>% 





binom_0_dog <- binom.test(28, n=59, p=0.25, alternative="two.sided", conf.level=0.95) 
 
binom_1_dog <- binom.test(19, n=59, p=0.375, alternative="two.sided", conf.level=0.95) 
 
binom_2_dog <- binom.test(8, n=59, p=0.25, alternative="two.sided", conf.level=0.95) 
 
binom_3_dog <- binom.test(4, n=59, p=0.125, alternative="two.sided", conf.level=0.95) 
 
#Get values expected by chance for each location: 
 
expected_0_dog = prob_0*59 
expected_1_dog = prob_1*59 
expected_2_dog = prob_2*59 
expected_3_dog = prob_3*59 
 
# Put expected and observed counts into a table: 
 
proximity_means_2 <- proximity_means%>% 
  group_by(ProximityScore) %>% 
  mutate(fails = sumprox - countprox, 
         proportion_lci = binconf (countprox, sumprox) [2], 
         proportion_uci = binconf (countprox, sumprox) [3]) 
 
 
proximity_means_2$expected_count <- c(expected_0_dog, expected_1_dog, 
expected_2_dog, expected_3_dog) 
proximity_means_2$expected_proportion <- c(prob_0, prob_1, prob_2, prob_3) 
 
 
# plot graph: 
 
ggplot(proximity_means_2, mapping=aes(x=ProximityScore)) + 
  geom_bar(mapping=aes(y=proprox), stat="identity") + 
  geom_errorbar(mapping=aes(ymax=proportion_uci, ymin=proportion_lci)) + 
  geom_bar(mapping=aes(y=expected_proportion), stat="identity", fill="cyan", alpha=0.3) + 
  ylab("Proportion of visits") + 
  xlab("Distance from target box") + 
  theme_bw() + 
  theme(axis.text.x = element_text(face="bold", size=13)) + 
  theme(axis.text.y = element_text(face="bold", size=13)) + 
  theme(axis.title.x = element_text(face="bold", size=14)) + 
  theme(axis.title.y = element_text(face="bold", size=14))  
 
 
# Put them in the table so they can be copied into the thesis chapter: 
 
binomial_table <- function(a, b, p = p) {binom.test(a, b, p, alternative= 
                                                      c("two.sided"), conf.level = 0.95)$p.value} 





#### 13. ADDITIONAL TESTS: MODEL FOR TRIALBLOCK 1 ONLY: #### 
 





trialblock1 <- filter(data, Block==1) 
 
modeltb1 <- glmer(SuccessBinary ~ Interval  + Box + Trial + AgeGroup + Sex + Weight  
               + (1 | Dog), 




# Yes, interval is still statistically significant. 
 
#### 14. ADDITIONAL TESTS: ASSESSING EFFECT OF INTERFERENCE FROM PREVIOUS TRIAL: 
#### 
 
# Focussing only on incorrect visits: 
 
PreviousTable <- data %>%  
  filter (SuccessBinary == FALSE) %>%  
  group_by(Dog) %>% 
  summarise(PreviousVisitCount = sum(IsPreviousVisit==TRUE, na.rm=TRUE), 
            PreviousTargetCount = sum(IsPreviousTarget==TRUE, na.rm=TRUE), 
            NumberOfErrors = sum(SuccessBinary==FALSE, na.rm=TRUE)) %>% 
  group_by(Dog) %>% 
  mutate (PreviousVisitProportion = PreviousVisitCount/NumberOfErrors, 
          PreviousTargetProportion = PreviousTargetCount/NumberOfErrors, 
          ExpectedProportion = 0.25) # assume dogs visiting by chance 
 
# Perform binomial tests: 
 
# Create function: 
binomial_table <- function(a, b, p = 0.25) {binom.test(a, b, 0.25, alternative= 
                                            c("two.sided"), conf.level = 0.95)$p.value} 
 
# Apply it to the values and add the results to the table: 
PreviousTable$Previous_Visit_pval <- mapply(binomial_table, 
PreviousTable$PreviousVisitCount, PreviousTable$NumberOfErrors) 
PreviousTable$Previous_Target_pval <- mapply(binomial_table, 
PreviousTable$PreviousTargetCount, PreviousTable$NumberOfErrors) 
PreviousTable$Previous_Visit_pval <- round(PreviousTable$Previous_Visit_pval,digits=5) 
PreviousTable$Previous_Target_pval <- round(PreviousTable$Previous_Target_pval,digits=5) 
 
# Put significance marker in table: 
PreviousTable <- PreviousTable %>% 
  mutate(Previous_Visit_Sig = ifelse(Previous_Visit_pval < 0.05, "Yes", "No"), 
         Previous_Target_Sig = ifelse(Previous_Target_pval < 0.05, "Yes", "No")) 
 
#### 15. ADDITIONAL TESTS: ASSESSING CORRELATION WITH HOLEBOARD DATA: #### 
 




HBdogs$Dog <- gsub("[^0-9]", "", HBdogs$Dog) #Remove letters so same as other dataset 
 
DO_success_bydog <- data %>% 
  group_by(Dog) %>% 





# Use the session 4 data as dogs are likely to have learned the task by then 
 
HBdogs_session4 <- HBdogs %>% filter(session_number==4) 
 
DO_success_bydog$WMA_4 <- HBdogs_session4$WMA_Score 
DO_success_bydog$WMB_4 <- HBdogs_session4$WMB_Score 
DO_success_bydog$RM_4 <- HBdogs_session4$WMB_Score 
 
# It cannot perform the test because of ties. 
# However the data are not tied; must be another problem. 
# Performed test in SPSS instead, see relevant SPSS output. 
# Plot data: 
 
ggplot(DO_success_bydog, mapping=aes(x=WMA_4, y=SuccessRate)) + 
  geom_point() + 
  geom_smooth(method="lm") # USe lm rather than loess as should be linear 
 
# What if all the sessions were pooled? 
 
HBdogs_allsessions <- HBdogs %>% 
  group_by(Dog) %>% 
  summarise(WMA=mean(WMA_Score), 
            WMB=mean(WMB_Score), 
            RM=mean(RM_Score)) 
 
HBdogs_allsessions$Dog <- gsub("[^0-9]", "", HBdogs_allsessions$Dog) 
 
HB_DO_Connect <- full_join(DO_success_bydog, HBdogs_allsessions, by = "Dog", copy = 
FALSE, suffix = c(".x", ".y")) 
 
# Move this table to SPSS for Spearman correlation test (as error messages in R) 
# See chapter 3 text to view SPSS results. 
 
#### Post-Viva correction: Run the model with within dog factors only: #### 
 
model_new <- glmer(SuccessBinary ~ Interval + Block + Box + Trial +  
               (1 | Dog), 




# interval, box and trial are still significant and trialblock still isn't. 
# Make sure to change the statistics in the chapter text and the table. 
# Also update the appendix. 
# And the methods! 
 
# Work out odds ratios: 
 
# First calculate standard errors from the coefficients: 
 
se2 <- sqrt(diag(vcov(model_new))) 
(tab2 <- cbind(Est = fixef(model_new), LL = fixef(model_new) - 1.96 * se2, UL = 
fixef(model_new) + 1.96 * 
                se2)) 
 


















## try rescaling 
 
 
# Rescale the variables for continuous numeric variables  
# (interval, trial and weight) so they are between 0 and 1: 
 
 





# No more warning messages in the rescaled model, suggesting that 









# Make a temporary dataset containing only the predictor and random variables: 
tmpdat <- data[, c("Interval", "Block", "Box", "Trial", "AgeGroup", "Sex", "Dog", "Weight")] 
 
# Check the min and max of the main variable of interest (Interval): 
summary(data$Interval) 
 
# Calculate the j-values (sequence of possible interval values between min and max) 
jvalues <- with(data, seq(from = min(Interval), to = max(Interval), length.out = 240)) 
 
# calculate predicted probabilities for these and store in a list 
pp <- lapply(jvalues, function(j) { 
  tmpdat$Interval <- j 
  predict(model_new, newdata = tmpdat, type = "response")  
}) 
 
# Get the mean and quartiles for the predictions: 
plotdata <- t(sapply(pp, function(x) { 
  c(M = mean(x), quantile(x, c(0.25, 0.75))) 
})) 
 




# This is so the plotting package, ggplot2, can read it: 
plotdata <- as.data.frame(cbind(plotdata, jvalues)) 
 
# Name the variables: 
colnames(plotdata) <- c("PredictedProbability", "LQ", "UQ", "Interval") 
 
# View first few fields to check data looks as expected: 
head(plotdata) 
 
# Plot the data: 
(Intervalpredict_new <- ggplot(plotdata, aes(x = Interval, y = PredictedProbability))  
  + geom_linerange(aes(ymin = LQ, ymax = UQ)) # Plots the quartiles 
  + geom_line(size = 2) + ylim(c(0, 1))) 
 
# Plot the observed datapoints on the same axes: 
 
 
intervalpredictionplot_new <- ggplot(plotdata, aes(x = Interval)) + 
  # ylim(c(0, 1)) + 
  geom_point(data = intervalmeans, mapping=aes(x=Interval, y=mean), color="red", 
stat="identity", size=3) + 
  geom_errorbar(data = intervalmeans, mapping=aes(x=Interval, ymin=proportion_success_lci, 
ymax=proportion_success_uci), color="red", size=1) + 
  geom_ribbon(aes(ymin = LQ, ymax = UQ, y = PredictedProbability), fill="grey", alpha=0.6) + # 
Plots the quartiles 
  geom_line(size = 2, aes(y = PredictedProbability)) + 
  ylab("Predicted probability of success") + 
  xlab("Interval (seconds)") + 
  theme_bw() + 
  scale_x_continuous(breaks=seq(0,240,30)) + 
  scale_y_continuous(breaks=seq(0,1,0.1), limits = c(0,1), expand = c(0, 0))  + 
  theme(axis.text.x = element_text(face="bold", size=13)) + 
  theme(axis.text.y = element_text(face="bold", size=13)) + 
  theme(axis.title.x = element_text(face="bold", size=14)) + 
  theme(axis.title.y = element_text(face="bold", size=14)) + 





# Work out at what interval the predicted probability reaches 0.25, 
# as this is the value expected by chance assuming the dogs 
# are randomly selecting a box to search behind each trial: 
 
# I.e. find the smallest value of Interval where  
# the probability is less than or equal to 0.25: 
 





# 1  206.8619 
 
# So the model_predicts that the dogs' probability of success first reaches 
# that which would be expected by chance after an interval of 207 seconds 







# Trial also has a significant effect on P(Success) in this model. 
# So predict and plot the effect of trial also: 
 
# Calculate the j-values (sequence of possible trial values between min and max) 
jvalues_trial <- with(data, seq(from = min(Trial), to = max(Trial), length.out = 20)) 
 
# calculate predicted probabilities and store in a list 
pp_trial <- lapply(jvalues_trial, function(j) { 
  tmpdat$Trial <- j 
  predict(model_new, newdata = tmpdat, type = "response")  
}) 
 
# Get the mean and quartiles for the predictions: 
plotdata_trial <- t(sapply(pp_trial, function(x) { 
  c(M = mean(x), quantile(x, c(0.25, 0.75))) 
})) 
 
# add in Trial j-values  and convert to data frame 
plotdata_trial <- as.data.frame(cbind(plotdata_trial, jvalues_trial)) 
 
# Name the variables: 
colnames(plotdata_trial) <- c("PredictedProbability", "LQ", "UQ", "Trial") 
 
#View first few fields: 
head(plotdata_trial) 
 
# Plot the data: 
(Trialpredict_new <- ggplot(plotdata_trial, aes(x = Trial, y = PredictedProbability))  
  + geom_linerange(aes(ymin = LQ, ymax = UQ)) # Plots the quartiles 
  + geom_line(size = 2) + ylim(c(0, 1))) 
 
# Overlay the observed data for trial over the modelled data: 
 
Trialcumulative_new <- ggplot(plotdata_trial, aes(x = Trial)) + 
  # ylim(c(0, 1)) + 
  geom_point(data = trialmeans, mapping=aes(x=Trial, y=mean), color="red", stat="identity", 
size=3) + 
  geom_errorbar(data = trialmeans, mapping=aes(x=Trial, ymin=proportion_success_lci, 
ymax=proportion_success_uci), color="red", size=1) + 
  geom_ribbon(aes(ymin = LQ, ymax = UQ, y = PredictedProbability),  color="gray", alpha=0.3) 
+ # Plots the quartiles 
  geom_line(size = 2, aes(y = PredictedProbability)) + 
  ylab("Predicted probability of success") + 
  xlab("Trial") + 
  theme_bw() + 
  scale_x_continuous(breaks=seq(0,20,1)) + 
  scale_y_continuous(breaks=seq(0,1,0.1), limits = c(0,1), expand = c(0, 0))  + 
  theme(axis.text.x = element_text(face="bold", size=13)) + 
  theme(axis.text.y = element_text(face="bold", size=13)) + 
  theme(axis.title.x = element_text(face="bold", size=14)) + 
  theme(axis.title.y = element_text(face="bold", size=14)) + 
  geom_hline(yintercept=0.25, linetype="dashed")  
 







# The model also found a significant effect of box 2 compared to box 1. 
# Therefore it may be beneficial to plot the effect of interval 
# separately for each of the four boxes. 
 
# Separate into levels according to box: 
biprobs <- lapply(levels(data$Box), function(box) { 
  tmpdat$Box[] <- box 
  lapply(jvalues, function(j) { 
    tmpdat$Interval <- j 
    predict(model_new, newdata = tmpdat, type = "response") 
  }) 
}) 
 
# get means and quartiles for all Interval jvalues for each level of Box: 
plotdata_2 <- lapply(biprobs, function(X) { 
  temp <- t(sapply(X, function(x) { 
    c(M=mean(x), quantile(x, c(.25, .75))) 
  })) 
  temp <- as.data.frame(cbind(temp, jvalues)) 
  colnames(temp) <- c("PredictedProbability", "LQ", "UQ", "Interval") 
  return(temp) 
}) 
 
# collapse from list into data frame format: 
plotdata_2 <- do.call(rbind, plotdata_2) 
 
# add box as a variable: 




#First try plotting separately as four panels: 
ggplot(plotdata_2, aes(x = Interval, y = PredictedProbability)) + 
  geom_ribbon(aes(ymin = LQ, ymax = UQ, fill = Box), alpha = .15) + 
  geom_line(aes(colour = Box), size = 2) + 
  ylim(c(0, 1)) +  
  facet_wrap(~  Box) 
 
# They all seem to follow a similar pattern, but it's difficult 
# to compare them on different axes. 
# Plot them all on the same axes instead: 
 
Box_model_new <- ggplot(plotdata_2, aes(x = Interval, y = PredictedProbability)) + 
  geom_ribbon(aes(ymin = LQ, ymax = UQ, fill = Box), alpha = .25) + 
  geom_line(aes(colour = Box), size = 2) + 
  geom_hline(yintercept=0.25, linetype="dashed") + 
  theme_bw() + 
  scale_color_manual(values=c("yellow", "cyan", "magenta","green")) + 
  scale_fill_manual(values=c("yellow", "cyan", "magenta","green")) + 
  ylab("Predicted probability of success") + 
  xlab("Interval (seconds)") + 
  theme_bw() + 
  scale_x_continuous(breaks=seq(0,240,30)) + 




  theme(axis.text.x = element_text(face="bold", size=13)) + 
  theme(axis.text.y = element_text(face="bold", size=13)) + 
  theme(axis.title.x = element_text(face="bold", size=14)) + 
  theme(axis.title.y = element_text(face="bold", size=14))  + 
  theme(legend.title = element_text(face="bold", size=14)) + 
  theme(legend.text = element_text(face="bold", size=13))  
 














# These are the same, leave them as they are. 
# chance_intercept is still exactly the same despite being updated with the new model. 
 








Appendix 3.6 – Trialblock 1 model results: 
Results of a modified model using only data from Trialblock 1. (All other model 













Interval 0.9935 0.9896 0.9974 -3.2490 0.0012 
Box 2 0.4576 0.1869 1.1205 -1.7110 0.0871 
Box 3 0.3260 0.1286 0.8266 -2.3610 0.0182 
Box 4 0.9750 0.4017 2.3666 -0.0560 0.9554 
Trial 0.9330 0.8814 0.9875 -2.3920 0.0168 
Age 6-10 
years 
1.8431 0.7214 4.7092 1.2780 0.2014 
Age 11-15 
years 
1.2975 0.4454 3.7798 0.4770 0.6330 
Male sex 0.7258 0.3396 1.5512 -0.8270 0.4082 
Weight 0.9407 0.8857 0.9992 -1.9860 0.0470 






Appendix 4 – Material associated with Chapter 4: 
Appendix 4.1 – Owner information sheet: 
































Appendix 4.4 – Model results (excluding owner-assigned severity 
score):  
Odds ratios for the multivariate model of probability of success in the disappearing 
object task with owner-assigned severity score excluded: 
Variable Odds ratio Lower CI Upper CI z p 
Interval 0.99185254 0.984919 0.998835 -2.28584 0.022264 
Box 2 0.18739112 0.070577 0.49755 -3.36113 0.000776 
Box 3 0.14217925 0.050388 0.401189 -3.68567 0.000228 
Box 4 0.65474112 0.223563 1.917519 -0.7725 0.439817 
Trial 0.99878179 0.882487 1.130402 -0.0193 0.984602 
Age 0.75369826 0.55808 1.017885 -1.84437 0.065129 
Sex 0.72348904 0.345502 1.515005 -0.85835 0.390702 
Group 0.04000571 0.001273 1.257669 -1.82968 0.067298 
Interval*Group 0.99191485 0.981912 1.002019 -1.5699 0.116439 
Box 2*Group 6.70030829 1.809945 24.80413 2.848456 0.004393 
Box 3*Group 6.10747642 1.521525 24.51571 2.55191 0.010713 
Box 4*Group 4.01554651 0.964666 16.71522 1.910561 0.056061 
Trial*Group 0.90903406 0.767897 1.076111 -1.10789 0.267909 
Age:Group 1.32358478 0.906443 1.932694 1.451442 0.146657 
Sex:Group 3.67898714 1.32898 10.18446 2.50747 0.01216 
 
95% confidence intervals and z- and p-values are shown. Statistically significant p-
values (p<005) are highlighted in yellow. The exact same variables, factor levels and 
interactions were statistically significant as those in the model that included owner-
assigned severity score, so owner-assigned severity score was retained in the model 





Appendix 4.5 – Relationship between age and osteoarthritis severity: 
There was no significant correlation between age and HCPI score (S = 11380, rho = -
0.0676, p = 0.679) and no significant differences between the ages of dogs with 
different owner-assigned (Kruskal-Wallis X2(5) = 6.41, p = 0.269) or vet-assigned 





Appendix 5 – Material associated with Chapter 5: 
Appendix 5.1 – Literature search for factors affecting sleep quality in 
dogs: 
A brief systematic search was performed to investigate potential factors 
affecting/associated with sleep quality in companion dogs, using PubMed 
(https://www.ncbi.nlm.nih.gov/pubmed). 
The search terms entered were: 
((dog[Title] OR dogs[Title] OR canine[Title]) AND (sleep disorder* OR sleep quality OR 
sleep disturb*) 
Words relating to "dog" were included in the title only rather than the full text, in 
order to reduce the amount of papers returned that described studies in other 
species but mentioned dogs within the body text. 
A total of 46 papers were returned. 41 of these were rejected; four described 
outcomes measured in humans rather than dogs, two described studies in companion 
dogs that did not describe sleep quality, seven referred to experimental procedures 
performed on laboratory dogs that were not relevant to sleep quality in companion 
animal dogs, 27 papers focused on specific sleep disorders in dogs (canine narcolepsy 
or rapid eye movement sleep behaviour disorder) and one paper was a duplicate of 
another. Five papers were therefore identified as relevant to sleep quality in dogs. 
The relevant findings from these papers are summarised in the introduction section of 





Appendix 5.2 – Sleep diary sheet: 












Appendix 5.3 – Cover sheet for owner questionnaire packs:  
The sheet shown is the A4 cover sheet for Week 0 questionnaire packs, which was 
stapled to one copy of each of the SNoRE, HCPI and CBPI questionnaires. Week 1, 2, 3 






Appendix 5.4 – The SNoRE questionnaire: 
This was devised by Knazovicky et al. (2015) and used within the studies described in 






Appendix 5.5 – Limbs affected in osteoarthritic dogs recruited: 
Table showing counts and percentages of dogs with hindlimb only, forelimb only and 
both hindlimb and forelimb signs of osteoarthritis within the osteoarthritic group of 






Hindlimb only: 9 45% 
Forelimb only: 4 20% 







Appendix 5.6 – Models for night-time rest bout length: 
Table showing the three separate models used to explore the variables that predicted 
mean duration of an uninterrupted bout of rest during the night: 
 
Outcome: Mean duration of an uninterrupted bout of rest during the 
night 
Model 1 
AIC = 5213.6 
Model 2 
AIC = 5213.0 
Model 3 
AIC = 5218.6 
Predictors 
Included 
Age Age Age 
Length of Night 
period 
Length of Night period Length of Night period 
Group 
Vet -assigned severity 
score 
Analgesia frequency 
Age * Group 
Age * Vet-assigned severity 
score 
Age * Analgesia 
frequency 
Length of Night 
Period * Group 
Length of Night Period * 
Vet-assigned severity score 
Length of Night Period * 
Analgesia frequency 
Factors included in each of the models used in the analysis of mean duration of an 
uninterrupted bout of rest during the night. AIC = Akaike Information Criterion; a 
relative estimate of model quality dependent on goodness of fit and model simplicity 









Appendix 5.7 – Effect of HCPI Score Squared on Daytime Rest: 
The following table shows the coefficient estimates with confidence intervals, z-values 
and p-values for the robust linear mixed effects regression (rlmer) model of the effects 
of HCPI score squared, HCPI score squared by group interaction, HCPI score, HCPI score 
by group interaction and group on proportion of time spent resting during the day. 
Because the effects of HCPI score squared and HCPI score squared by group interaction 
were not statistically significant (α=0.05), they were removed and not included in the 
final model, which is described in Section 5.4.3. Interactions are denoted by asterisks 
between variables. 







Group 0.992 0.937 1.050 0.283 0.777 
HCPI Score 1.006 1.000 1.012 -1.849 0.064 
Group *HCPI Score  1.000 1.000 1.000 0.525 0.599 
(HCPI Score)2 0.993 0.985 1.001 1.685 0.092 
Group*(HCPI Score)2 1.000 1.000 1.000 -0.601 0.548 
 
